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ABSTRACT 
S t u d i e s on meta l complexes have g o t t h e i r u se f \ i l nes s i n 
v a r i o u s b r anches of t h e o r e t i c a l and a p p l i e d cdiemistry. Metal 
complexes p l a y v e r y impor tan t r o l e i n b i o l o g i c a l sys tems where 
s e v e r a l metal i ons a r e p r e s e n t i n t r a c e q u a n t i t i e s . A c t i v i t i e s 
of many enzymes depend on t h e s e meta l i o n s . However, excess 
c o n c e n t r a t i o n of any meta l may g r a d u a l l y accumulate i n t h e body 
^ i c h b e g i n s to s u f f e r from metal induced t o x i c i t y ( e . g . , i n 
W i l s o n ' s d i s e a s e , copper i s d e p o s i t e d i n b r a i n , l i v e r and k idney) 
and can be removed by us ing a p p r o p r i a t e ( d e l a t i n g a g e n t s . Mixed-
c h e l a t i o n occurs most f r e q u e n t l y i n b i o l o g i c a l systems -as 
m i l l i o n s of l i g a n d s have s t rong t e n d e n c i e s to compete f o r metal 
i o n s i n v i v o . I n t h e mammalian body, t h e t o t a l l i g a n d concen-
t r a t i o n s exceed t h e v a r i o u s metal c o n c e n t r a t i o n s i n such a way 
t h a t v a r i o u s complex s p e c i e s compete f o r d i f f e r e n t meta l i o n s . 
Formation of e n z y m e - m e t a l - s u b s t r a t e t e r n a r y complex f a c i l i t a t e s 
t h e i n t e r a c t i o n between enzyme and s u b s t r a t e through a meta l 
i on l i n k . Since l i v i n g organisms c o n t a i n m i l l i o n s of p r o t e i n s 
made by means of s imple amino a c i d s , s t u d i e s on mixed- l igand 
complexes c o n t a i n i n g a t l e a s t onc l igand as amino a c i d a r e of 
c o n s i d e r a b l e i n t e r e s t . 
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The extent of complex foisaat'ion between a metal ion, M 
and l igands , X and T, i n a p ro t io solvent may be expressed 
q u a n t i t a t i v e l y in terms of s t a b i l i t y constant , P^crq* o^ "t^e 
species ^JC "T^ , formed according to the equilibrium 
pM + qX + rY + sH ^ r ^ M X„Y H„ 
^ ^ ^ p q r s 
The s t a b i l i t y constant i s given by 
^"pVrBsJ 
^pqrs = [M]P[X]^[r]^[H.] s 
\diere [ ] r ep resen t s concentrat ions of f ree components. The 
parameter s may be negat ive when the number of protons d issoc ia ted 
from ligand Z or Y exceed the maximum number of protons d issoc ia ted 
in the absence of metal ion . p , q , r , s a re the s to ich iometr ic 
coe f f i c i en t s corresponding to the metal ion, l i gands X and Y and 
H, r e spec t ive ly . 
In the present work, following binary (Table 1) and 
te rnary (Table 2) systems were studied using polarographic(Pol . ) 
or po ten t iomet r ic (Pot . ) methods. 
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Methods of DeFord * Hume and Schaap & McMasters for 
ccuLculating s t a b i l i t y constants of binary and t e rnary complexes 
in the polarographic s tud ies while in the potent iometr ic s tud ies 
those of Rosso t t i * Rossot t i^ and the SUPERQUAD computer program 
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were used. The values of s t a b i l i t y cons taa ts are given in 
Tables 3 and 4. 
Polaroigraphic Studies 
The s t a b i l i t y order of Cd(II) b inary complexes, in terms 
of l i gands , was found t o be BP>GL>AL>SR>LB >MT>IM. 
S t a b i l i t i e s of mixed complexes were compared with those 
of binary spec ies . (The tendency to form mixed-ligand complexes 
in so lu t ion was expressed in teiaas of AlogK, and logX. Mixing 
and s t a b i l i z a t i o n cons tants (K^ and K„) fo r Cd(II)-amino ac id -
m S 
2,2»-bipyr idyl systems were evaluated. The s t a b i l i t y order fo r 
1:1:1:0 t e rna ry complexes of Gd(II)-amino ac id-b ipyr ldy l systems 
with respec t t o primary l igand (amino acid) was found t o be 
GL> Al>SR >MT >LB >VI. 
Mixing and s t a b i l i z a t i o n constants could not be calcti lated 
in case of te rnary systems involving imidazole as a l igand because 
of d i f fe ren t d e n t i c i t i e s of primaary and secondary l i g a n d s . The 
s t a b i l i t y order for Cd(II)- imidazole amino acid (or b ipyr idy l ) 
systems in terms of secondary l igand (amino acid) was found to 
^be GI^ A1>SR>VI>MT>LB. 
Potent iometr ic Studies 
For metal(II)-amino acid systems, the s t a b i l i t y order 
was found t o be Cu>lfi> Zn >Co>Cd as expected from Mellor and 
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Maley order^. The s t a b i l i t y order for a e t a l ( I I ) - i m i d a z o l e 
complexes, in terms of metal ions , was found t o "be C u > N i > C d > 
Co::iZn while t h a t in terms of l igands was GL >AL >YL >IM. For 
metal(II)-amino acid-imidazole t e rnary systems, s t a b i l i t i e s of 
/mixed complexes were compared with t h a t of b inary ones in terms 
of AlogE^, AlogKp and logX values (wherever p o s s i b l e ) . The 
s t a b i l i t y order of 1:1:1:0 metal(II)-amino acid-imidazole 
complexes, in terms of metal ions , was found to be Cu>Ni> 
Cd >Go( complex not formed in case of Zn).^ The s t a b i l i t y constants 
of 1:1:1:0 t e rna ry meta l ( I I ) complexes containing g lyc ine , a lanine 
or va l ine were near ly the same. 
Di s t r ibu t ion cxirves fo r var ious species formed in binary 
and t e rnary systems were computed using SUPBRQUAD program. I t i s 
evident from species d i s t r i b u t i o n diagrams t h a t in the pH range 
5.5-9.0 metal ions e x i s t in the form of mixtures of binary and 
te rnary complexes, while a t pH<5.5 (but in a l l Cu(II) systems 
at pH<4.0) they ex i s t in the form of binary complexes o n l y / 
Hence, in most b io log ica l systems, t h e r e ig g r e a t e r p robab i l i t y 
of f inding metal ions in the form of mixtures of binary and 
te rnary complexes. 
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Table 1 : Binary Systems Inves t iga ted . 
Metal Ion Ligand Method 
Cd(II) 
Oo(II) 
N i ( I I ) 
Cu(II) 
Zn(II) 
Glycine(GL) 
DL-a-Al anine (AL) 
DL-Valine(VI) 
^-Leucine(LE) 
DL-Serine(SR) 
DL-Methionine(MT) 
2,2«-Bipyridyl(BP) 
Imidazoie(IM) 
Glycine 
DL-a-Alanine 
DL-Valine 
Imidazole 
Glycine 
DL-a-Alanine 
DL-Valine 
Imidazole 
Glycine 
DL-a-Alanine 
DL-Valine 
Imidazole 
Glycine 
DL-a-Alanine 
DL-Valine 
Imidazole 
Pol . 
Pol . 
Pol . 
Pol . 
Pol . 
Pol . 
Pol . 
Po l . 
Pot. 
Pot. 
Pot. 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot. 
Pot. 
and 
and 
and 
and 
Pot 
Pot 
Pot 
Pot 
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Table 2; Tetnary Systems Inves t iga ted . 
Metal Ion 
Cd( I I ) 
Go( I I ) 
N i ( I I ) 
Cu( I I ) 
Z n ( I I ) 
Pr imary Ligand 
Glycine 
DL-a-Alanine 
DL-Valine 
C-Leucine 
DL-Serine 
DL-Methionine 
Imidazole 
n 
It 
It 
t» 
It 
t» 
Glycine 
DL-a-Alanine 
DL-Valine 
Glycine 
DL-a-Alanine 
DL-Valine 
Glycine 
DL-a-Alanine 
DL-7al ine 
Glycine 
DL-a-Alanine 
DL-Valine 
Glycine 
DL-a-Alanine 
DL-Valine 
Secondary Ligand 
2 , 2 ' - B i p y r i d y l 
It 
II 
II 
• 
It 
It 
Glycine 
DL-a-Alanine 
DL-Valine 
£-Leucine 
DL-Serine 
DL-Methionine 
2 , 2 ' - B i p y r i d y l 
Imidazo le 
II 
II 
Imidazo le 
II 
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Imidazole 
II 
It 
Imidazo le 
• 
ti 
Imidazo le 
It 
I t . 
Method 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
. P o l . 
P o l . 
P o l . 
P o l . 
Po t . 
P o t . 
P o t . 
P o t . 
P o t . 
P o t . 
P o t . 
Po t . 
Po t . 
P o t . 
Po t . 
Po t . 
P o t . 
P o t . 
P o t . 
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Table 3: Pormation Constants of Binary Metal Complexes. 
Metal Ion 
Cd(II) 
l igand 
GL 
AL 
VL 
LE 
SR 
P 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
q 
1 
2 
5 
1 
1 
2 
3 
1 
1 
1 
2 
3 
1 
1 
2 
3 
1 
2 
3 
r 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
s 
0 
0 
0 
-2 
0 
0 
0 
- 1 
- 2 
0 
0 
0 
- 1 
0 
0 
0 
0 
0 
0 
logp 
4.45 
4.256 
6.96 
7.779 
9.39 
10.114 
-14.413 
4.18 
4.046 
6.72 
7.247 
9.06 
9.773 
- 4.887 
-14.744 
3.65 
3.700 
6.01 
6.616 
8.06 
- 5.070 
3.84 
6.32 
8.51 
4.15 
6.67 
8.82 
Method 
Pol . 
Pot . 
Pol . 
Pot. 
Pol . 
Pot . 
Pot . 
Pol . 
Pot . 
Pol . 
Pot . 
Po l . 
Pot. 
Pot . 
Pot . 
Pol . 
Pot . 
Pol . 
Pot . 
Pol . 
Pot . 
Pol . 
Pol . 
Pol . 
Pol . 
Pol . 
Pol . 
Conditions 
( t / ° C , I/M) 
35, 0 .5 
37, 0.15 
35, 0.5 
37, 0.15 
35, 0 .5 
37, 0.15 
37, 0.15 
35, 0 .5 
37, 0.15 
35, 0 .5 
37, 0.15 
35, 0 .5 
37, 0.15 
37, 0.15 
37, 0.15 
35, 0.5 
37, 0.15 
35, 0.5 
37, 0.15 
35, 0 .5 
37, 0.15 
35, 0.5 
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Table 3 continued 
Metal Ion Ligand p q r s logp Method Conditions 
(t/°Q, I/M) 
MT 
BP 
Cd(ll) IM 
Co(ll) GL 
Ali 
VL 
IM 
Ni(ll) GL 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
1 
2 
3 
1 
2 
3 
4 
1 
2 
3 
1 
1 
2 
3 
1 
1 
2 
1 
0 
,0 
1 
2 
3 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
- 1 
0 
0 
0 
- 2 
0 
0 
-2 
0 
0 
0 
0 
0 
3.78 
6.50 
4.60 
7.30 
9.83 
2.60 
2.700 
4.68 
4.983 
5.77 
6.51 
4.642 
8.320 
10.748 
- 4.380 
4.325 
7.764 
10.161 
-14.434 
4.243 
7.560 
-14.205 
2.324 
4.274 
5.543 
10.160 
13.291 
Pol . 
Pol . 
Po l . 
Pol . 
Pol . 
Pol . 
Pot . 
Pol . 
Pot . 
Po l . 
Pol . 
Pot. 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot. 
Pot . 
Pot . 
Pot. 
Pot . 
Pot. 
Pot. 
Pot . • 
35, 
35, 
37, 
35, 
37, 
35, 
37, 
, 0.5 
M 
U 
II 
If 
, 0 . 5 
, 0.15 
, 0.5 
, 0.15 
, 0 .5 
• 
, 0.15 
n 
11 
• 1 
n 
11 
II 
•r 
II 
ti 
II 
II 
II 
It 
M 
II 
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Table 3 continued 
Metal Ion 
Cu(II) 
Zn(II) 
Ligand 
AL 
VL 
IM 
GL 
AL 
VL 
-
IM 
GL 
AL 
VL 
IM ' 
P 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
q 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
1 
2 
1 
2 
0 
0 
0 
0 
1 
2 
3 
1 
1 
2 
1 
1 
1 
0 
0 
r 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
2 
3 
4 
0 
0 
0 
a 
0 
0 
0 
0 
0 
1 
2 
s 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
- 1 
0 
0 
- 2 
0 
- 1 
0 
0 
logp 
5.181 
9.459 
12.240 
5.092 
9.195 
11.346 
3.039 
5.380 
7.378 
7.990 
14.680 
7.903 
14.529 
7.927 
14.624 
4.044 
7.461 
10.191 
12.372 
4.960 
9.163 
11.857 
- 3.283 
4.511 
8.697 
-11.619 
4.498 
- 2.953 
2.287 
4.949 
Method 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot. 
Pot. 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot. 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Conditions 
( t A , I/M) 
37, 0.15 
n 
II 
11 
•1 
II 
II 
II 
II 
II 
M 
M 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
11 
II 
II 
II 
II 
u 
Table 4: Formation Constants of Ternary Metal Complexes. 
Metal Primary Secondary p q r s logp" Method Conditions 
Ion Ligand Ligand (t/°C I/M) 
Cd(I I ) GL BP 1 1 1 0 8.15 P o l . 35, 0 .5 
It 
AL BP 
VL BP 
 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
1 
1 
2 
1 
1 
2 
1 
1 
2 
1 
1 
2 
1 
1 
2 
1 
1 
1 
2 
2 
1 
1 
2 
2 
1 
1 
2 
1 
1 
2 
1 
1 
2 
1 
1 
2 
1 
1 
2 
1 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
10.55 
10 .17 
7 .81 
10 .05 
10 .14 
6 .98 
9 .21 
9.35 
7 .15 
9.66 
9 .95 
7 .67 
9.84 
10 .04 
7.37 
9.70 
10 .08 
6.99 
9.76 
8.77 
10 .57 
6.96 
9.59 
8 .61 
10 .75 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
tt 
It 
•I 
I I 
I I 
I I 
I I 
LE BP 1 1 0 " 
II 
ti 
SR BP •• 
I t 
I t 
MT BP •• 
ti 
It 
IM GL l . 
11 
It 
It 
IM AL " 
It 
It 
It 
Table 4 continued 
IE 
Metal Primary Secondary p q r s logp 
Ion Ligand Ligand 
Method Conditions 
(tA,l/M) 
IM VL 
Cd(II) IM 
IM 
IM 
IM 
GL 
AL 
Co(ll) GL 
LE 
SR 
MT 
BP 
IM 
IM 
IM 
IM 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
1 
1 
2 
2 
1 
1 
2 
2 
1 
1 
2 
2 
1 
1 
2 
2 
1 
1 
1 
1 
1 
1 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 . 
0 
0 
0 
0 
0 
0 
0 
- 1 
0 
0 
0 
6.46 
9.28 
8.07 
9.89 
6.07 
8.99 
8.35 
10 .22 
6 .61 
9.17 
8.47 
10 .14 
6 .33 
9 .48 
8.60 
9.80 
6.96 
10.00 
8.24 
10 .09 
7.026 
9.367 
- 1.275 
6 .718 
6.350 
6.802 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o l . 
P o t . 
P o t . 
P o t . 
P o t . 
P o t . 
P o t . 
35, 0.5 
37, 0.15 
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Table 4 continued 
Metal Primary-
Ion Ligand 
Ah 
Yh 
Ni( I I ) GL 
All 
VI 
Cu(ll) GL 
Ai 
VL 
Zn(II) GL 
Ali 
VL 
Secondary 
Ligand 
IM 
IM 
IM 
IM 
IM 
IM 
IM 
IM 
IM 
IM 
IM 
P 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
q 
1 
1 
1 
1 
2 
1 
1 
2 
1 
1 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
r 
1 
1 
1 
2 
2 
1 
2 
2 
1 
2 
2 
1 
1 
2 
1 
2 
3 
1 
2 
3 
1 
3 
1 
3 
1 
2 
s 
0 
0 
0 
0 
0 
- 1 
0 
0 
0 
0 
0 
- 1 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
1 
0 
1 
0 
logp 
6.419 
6.501 
8.207 
10.374 
14.367 
- 0.962 
10.290 
14.039 
7.916 
10.342 
13.989 
-1.492 
11.696 
14.543 
11.690 
14.471 
15.956 
11.751 
14.589 
16.306 
14.301 
12.443 
14.347 
12.320 
14.404 
10.376 
Method 
Pot . 
Pot . , 
Pot . 
Pot . 
Pot. 
Pot . 
Pot . 
Pot. 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Pot . 
Conditions 
(tA,I/M) 
37, , 0.15 
It 
II 
It 
II 
II 
II 
II 
II 
It 
II 
I I 
II 
It 
I t 
II 
II 
II 
II 
It 
I t 
It 
It 
t i 
It 
It 
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GENERAL INTRODUCTION 
1 
s tud ies on metal complexes are important from the view 
point of t h e i r usefulness in var ious branches of t h e o r e t i c a l 
and applied chemistry, of metal complex formation in inorganic 
chemistry and, of -understanding the ro le of metal ions in 
biochemistry. In a n a l y t i c a l chemistry, metal complexes are 
used in the q u a l i t a t i v e and quan t i t a t i ve determination of 
organic and inorganic substances and ions . The part played 
by the coordination compounds in biochemical processes i s no 
l e s s f a sc ina t i ng . Hemoglobin, chlorophyll and vitamin 3-^2 ^^® 
some of the very common examples of n a t u r a l l y ex is t ing coordi-
nat ion compounds having i ron magnesium and cobal t , r e spec t ive ly , 
as i n t e g r a l components. Metal ions lilay a very important ro le 
in b io log i ca l r eac t ions since the enzymatic r eac t ions are mostly 
ac t iva ted or con t ro l l ed by me ta l l i c ca t ions which are in combined 
s t a t e with p ro t e in s , l i p i d s and other r e l a t e d compounds. There 
are many metalloenzymes such as i ron-conta ining peroxidases, 
molybdenxun-containing xanthine oxidase and z inc-containing 
carbonic anhydraze in iidiich the presence of appropr ia te metal 
ion i s e s s e n t i a l fo r b io log ica l a c t i v i t y . Metal ions which 
are considered e s s e n t i a l to hximan l i f e include those of sodium, 
potassium, calcium, magnesium, manganese, i ron , coba l t , coT>per 
and z inc . These elements are present in most t i s s u e s and f lu ides . 
In addi t ion , the re may be v a r i a b l e amounts of non-essent ia l or 
2 
tox ic ca t ions , l ead , mercury and cadmiiim. Also, manganese 
molybdenum, cobal t , copper and zinc are t h e important t r a ce 
2 
elements for p l an t s . The elements manganese, copper and zinc 
are e s s e n t i a l for the growth of a number of p l a n t s . Small 
q u a n t i t i e s of cobalt and n icke l may bring about an increase in 
the r a t e of growth of p l a n t s . Cobalt i s known to be an e s s e n t i a l 
element in the n u t r i t i o n of animals. 
Mixed-ligand complexes consis t of two or more d i f fe ren t 
l igands other than solvent molecules bonded simultaneously to 
the cen t r a l metal ion. They are frequent ly formed in solut ion 
containing metal ions and more than one kind of su i t ab l e l igand. 
Mixed-ligand complexes are important in a n a l y t i c a l chemistry 
4 
and in synthe t ic r eac t ions catalyzed by metal ions . They play 
5-7 
important r o l e as intermediates in l igand displacement r eac t ions 
8 9 
and in l igand catalyzed complex formation r eac t i ons * . They 
crea te spec i f i c s t r u c t u r e s and provide models for metalloenzyme 
subs t ra te complexes . Formation of t e rna ry enzyme-metal-
subs t ra te complex i s responsible for bringing the enzyme and 
11-17 subs t ra te together . Mixed-chelation i s encountered most 
f requent ly in b io log i ca l systems since mi l l ions of p o t e n t i a l 
l igands have strong tendencies to compete for metal ions found 
in vivo . Ternary coordinat ion complexes have a lso been 
implicated in the storsige and t ranspor t of ac t ive substances 
through membranees and these phenomena are s t rongly dependent 
3 
on t h e fo rmat ion of such s p e c i e s and the n a t u r e of invo lved 
metal i o n . Hence, metal complexes appea r as a c e n t r a l problem 
of b i o c h e m i s t r y . 
Cu( I I ) -amino a c i d complexes may p lay an impor tan t r o l e 
i n the p h y s i o l o g i c a l sys tems . The i d e n t i f i c a t i o n of C u ( I I ) -
19 
amino ac id complex i n normal human serum sugges ted t h a t 
Gu(I I ) t r a n s p o r t between blood and t i s s u e s may be mediated by 
20 
amino a c i d s . I t was shown t h a t t h e exchangeable p o r t i o n of 
Cu(I I ) i n blood plasma occu r s mainly i n t h e form of mixed l i g a n d 
complexes a s p a r a g i n a t o ( h i s t i d i n a t o ) - , a s p a r a g i n a t o ( t h r e o n i n a t o ) - , 
21—2'5 h i s t i d i n a t o ( t h r e o n i n a t o ) C u ( I I ) " ^ . The t o x i c i t y of heavy metal 
i o n s l i k e Gd(I I ) and P b ( I I ) has r e c e i v e d much a t t e n t i o n * . 
For example, l e a d i n t e r f e r e s with t h e s y n t h e s i s of hemoglobin 
and t h e t o x i c i t y of cadmium approaches t h a t of copper on mic ro -
27 
somal membrane ATPase of t h e p i g e o n ' s b r a i n t i s s u e s 
Complex forming s p e c i e s i n b i o l o g i c a l m a t e r i a l s a r e 
numerous and i n c l u d e amino a c i d s , p e p t i d e s , p r o t e i n s , c a r b o x y l i c 
a c i d s , o r g a n i c phosphates and n u c l e i c a c i d s . Since l i v i n g 
organisms c o n t a i n m i l l i o n s of p r o t e i n s which a r e made by means 
of j u s t 26 simple amino a c i d s , s t u d i e s on mixed- l igand complexes 
having a t l e a s t one l i g a n d as amino a c i d a r e of c o n s i d e r a b l e 
i n t e r e s t . The names and s t i r uc tu r e s of amino a c i d s t h a t commonly 
occur i n p r o t e i n s a r e g iven i n Table 1.1 along with t h e i r 
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dissociation constants (pKa) and the pH at isoelectric point(pl). 
Amino acids are soluble in water and exist in, and crysta-
llize from neutral aqueous solutions as dipolar ions or zwitter 
,+ -, 
ions CNH,-GHR-COO) rather than as undissociated molecules. They 
have high electric moment with the capacity to increase the 
dielectric constant of the medium in which they are dissolved. 
Amino acids are amphoteric electrolytes, having ability to form 
acid and basic salts and thus acting as buffer over at least two 
ranges of pH due to the presence of amino and carboxylic groups. 
The presence of reactive groups enable them to participate in a 
variety of chemical transformations and degradations to form 
products such as esters, amides, amines, anhydrides, polymers, 
polypeptides, hydroxy acids, keto acids, short or long chain 
acids, all of which are, one way or the other, connected with 
the biological processes. Amino acids are indispensable 
components of all living beings including man and are participants 
in crucial metabolic reactions on which life depends and subs-
trates for a variety of specific enzymes in vitro. They are 
essential constituents of proteins which are specified biologi-
cally and chemically by the number, distribution and spatial 
interrelations of amino acids of which they are composed. Almost 
all the naturally occurring amino acids belong to a-category 
having asymmetric centres and posses optical rotation at the 
a-carbon atom. But dissimilarities exist in the sense that each 
14 
possesses a different side chain which distinguishes it from 
29 
the others physically, chemically and biologically . The 
characteristic chemical reactions of amino acids are those of 
their functional groups, i .e . , the carboxylic groups, the 
a-amino groups and the groups present in different side chains, 
The first systematic investigations on metal-amino acid 
complexes were made "by Ley * in the very beginning of the 
twentieth century. He studied the reaction of glycine in hot 
32 
aqueous solution with copper carbonate, ley reported that 
the diglycine copper(II) salt, unlike sodium and potassium 
salts of glycine, possessed very l i t t l e conductivity and he 
attributed i t to the formation of "inner complex salt" with 
the following structure: 
0 COGHoNHo 
cu<: 
0 COCH2NH2 
Ley's formulation was based upon the similarities between the 
copper salts of amino acids and ammonia both exhibiting deep-
blue colour in aqueous solutions and the green colour of the 
solutions of the copper-N-phenylalanine complex and the corres-
ponding complex with aniline. 
15 
I t was shown by Ley and o^her workers * t h a t , although 
a- and p - amino acids may form s t ab l e complexes with copper, V-
and 6- amino ac ids did no t . I t was foxmd tha t c o p p e r ( l l ) -
g lyc ina te was s t ab le towards bo i l ing water but the p-alanine 
s a l t s were hydrolyzed at high d i l u t i o n s even at room temperatures, 
and tha t the copper s a l t of y-aminobutyric acid was so s t rongly 
hydrolyzed tha t t he so l id s a l t could not be prepared even at high 
reagent concentra t ions . By means of differences in e l e c t r i c 
conductance of copper ace ta te and of var ious " inner complex s a l t s " , 
i t was shown tha t t he s t a b i l i t y of the n i cke l and copper complexes 
31 33 3 5 diminished in the following order *-^^f^-'i 
NH2 
NH2 -CH2-COOH > ^CH-C00H>NH2-(CH2)2-C00H>NH2-(CH2)-5-G00H 
CH^ 
It is clear from the above formulation that the stability 
of the nickel and copper complexes with amino acids decreases 
with increase in the side chain length and the distance between 
amino and carboxylic groups. However, the latter conclusion was 
35 fo-ond to be incorrect iriien Adherbalden and Schnitzler and 
36 
Birkofer and Hartwig presented evidence of increasing stability 
of copper(II)-amino acid complexes with increase in length of the 
side chain. However, it is now believed that the stability, in 
general, is independent of the nature of side chain but depends 
18 
on the d i s soc i a t ion constant of the complexing n i t rogen atom. 
The fac t tha t the a-amino acid complexes are most s table 
i s explained on the has i s of five-membered r ings formed by the 
complexation, whereas p-amino acid complexes, being l e s s s t ab l e , 
form six-membered r i n g s . The V- and 6-amino acids wi l l form 
complexes involving more than six-membered r ings and thus wi l l 
37 be uns table . 
2 ,2 ' -Bipyr idy l and imidazole form a very important c lass 
of l igands containing ni t rogen atoms in the funct ional group. 
The l igands are e i t h e r b i o l o g i c a l l y important or b io log ica l ly 
a c t i v e . The l i^and 2 , 2 ' - b i p y r i d y l forms s t ab l e che la tes 
•TO t t Q 
particularly with all the transition metals * . The bipyridyl 
type of chelate molecules rival in the versatility of the well 
known ethylenediamine, in the stability of the metal complexes 
and their frequent intense colours as well as in the number of 
metals that can be chelated. 
2,2*-Bipyridyl(I) forms metal complexes by acting as a 
bidentate chelate molecule through the nitrogen atoms with the 
formation of five membered rings (II): 
( I ) (11) 
< 
6 
3 3' 
• • ^ M - ^ ' 
4^  6 
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The isomers of bipyr idyl such as 2 , 3 * - , 2 , 4 ' - , 4 , 4 ' - do not act 
as chelate molecules. Metal complexes formed with these l i^ands 
would involve many membered r i n g s . I t has been shown * tha t 
they do not form s t a b l e complexes with i ron , however, they may 
form complexes with other metal ions by act ing as monodentate 
l igands l i k e pyr idine i t s e l f . The l igand 2 , 2 ' - b i p y r i d y l i s a 
2 good donor because i t has sp donor o r b i t a l on the ni t rogen 
atoms, and a l so functions as acceptor because of the presence 
of delocal ized n o r b i t a l s associa ted with i t s aromatic r ing 
system . I t was shown by EPR s tudies of copper(II)-complexes 
with aromatic l igands , t h a t these l igands receive % e lec t ron 
densi ty from the metal ion and thus increas ing the tendencies 
of the metal ions for binding anionic l i gands . Studies on 
mixed-ligand complexes of copper( l l ) containing b ipyr idy l show 
tha t when metal ions are bound to aromatic n i t rogen donors they 
form more s t ab le complexes with oxygen donors r a t h e r than with 
n i t rogen donors . The s t a b i l i t i e s with l igands containing 
oxygen and ni t rogen donors l i k e amino ac ids l i e between those ' 
observed for the ptxre 0 and N donors. 
Different p rope r t i e s of b ipyr idy l type complexes have 
been used in ana ly t i ca l chemistry, e . g . , t h e i r s t a b i l i t y has 
been used to remove the in te r fe rence of i ron in the determination 
45 of other meta ls . Smith and Cagle separated aluminium from the 
i ron ore by p r e c i p i t a t i n g i t as hydrous oxide in the presence of 
18 
2,2'-bipyridyl while iron held in solution as the bipyridyl complex. 
A number of biological systems are affected by the base 
itself and also by its metal comDlexes, When bipyridyl (or any 
substance that can form complex) is found to disturb the func-
tioning of a biological system, it is assumed that the seques-
tration of trace element is involved. The latter may be nresent 
in biological fluids in the form of either hydrated ions or 
protein complexes (through sulfur and/or nitrogen linkages) and 
may be removed if the stability of the complex formed is high. 
In a situation where the metal ion is bound to a protein surface, 
the base may attach itself to vacant coordination positions by 
displacing water molecules and thus altering the nature of the 
enzyme function. Inhibition of enzymes by complex forming 
46 
substances often indicates the presence of a heavy metal constituent 
Metal complexes foimed with bipyridyl are highly biologically 
active. Their toxicity to mice and rats and action on enzymes 
47 has been demonstrated 
Coordination of the metal ion to an aromatic l igand, e . g . , 
2 ,2 ' -b ipyr idy l ,1 ,10-phenan th ro l ine , increased the r a t e of metal 
ion-catalyzed decarboxylation of acetonedicarboxylate , oxaloacetate 
48-50 
or dimethyloxaloacetate compared with the aquo metal ions 
SI 
while a l i p h a t i c amines had no enhancing effect . I t was found 
tha t the hydrolys is of d i i sopropyl fluorophosphate i s catalysed 
through many complexes of Gu(I l ) , among which the 1:1 complex 
19 
with 2,2 '-bipyridyl was especially effective. The complexes 
of L-histidine,l,10--phenanthroline and imidazole are shown 
52 to be be t te r catalysts than that of glycine . On the basis 
of such observations, i t i s siiggested that the reaction rate 
depends on the s t ab i l i t y of the ternary complex fonned during 
the reaction. 
The ligand imidazole(III) also plays an important role in 
biochemistry because of i t s presence in histamine and his t idine 
residues in proteins. 
HC = CH 
H Nx M 
CH 
(III) 
The work r e p o r t e d on the i n t e r a c t i o n of servim albumin wi th 
z i n c , cadmium and l e a d has demons t ra ted t h a t t h e p r i n c i p l e 
s i t e s on t h e p r o t e i n molecules r e s p o n s i b l e f o r meta l b inding 
53 54 55 
a re t h e imidazo le g roups of h i s t i d i n e * . I t has been found 
t h a t albumin-bound z i n c ( I I ) accoun t s f o r approx imate ly 98^ of 
t h e exchangeable f r a c t i o n of z i n c ( I I ) i n blood serum which i s 
56,57 
known t o be a s s o c i a t e d wi th t h e t r a n s p o r t p r o c e s s of z i n c ( I I ) 
Imidazo le group i s a l s o one of t h e impor tan t b ind ing s i t e s f o r 
20 
Cu(II) in many 'biological systems such as "bovine serum albumin , 
59 hemocyanin , human albumin, ceruloplasmin and ribonuclease as 
60 
well as a number of other molecules . The nitrogen of histidine 
residue provides one of primary means by which metal ions may be 
bound to proteins. The histidyl residues in proteins are shown 
to be typically nonchelating . The effectiveness of imidazole 
group to act as a metal binding site has been attributed to its 
great flexibility, its availability at physiological pH and its 
capability to form a and u bonds with metal ions . The imidazole 
group is versatile ~ and because of its relatively low basicity 
(pK~7), it is far more accessible for many metal ions than the 
amino group (pK~9.5), for which the competition with the proton 
is much larger in the physiological pH region . It was 
s\Jgge3ted * on the basis of results obtained with histamine, 
2,2'-bipyridyl and other heteroaromatic nitrogen containing bases 
that metal ions of the second half of the 3d series form stable 
complexes especially with imidazole and oxygen donors. Many 
workers have investigated the coordinating ability of imidazole 
and its derivatives . It is found that the neutral imidazole 
coordinates to metal ions via the tertiary nitrogen atom rather 
than the imino nitrogen of the heterocyclic ring ' . 
The activities of metal chelates in biological systems 
depend upon the concentration of species formed by metal complexa-
tion in solution, and this can be estimated when the formation 
21 
oonstants of the complex species are known. Therefore, a 
knowledge of the formation constants of metal complexes may 
be important from the view point of biological studies. 
Because of the importance of amino acids, 2,2*-bipyridyl 
and imidazole ligands, the interest arises to study mixed-ligand 
complexes of these ligands with metal ions. Extensive studies 
have been carried out on the simple complexes of the said class 
of ligands with transition metal ions but studies on ternary 
systems are lacking. A variety of methods have been used for 
the determination of stability constants of species in solution 
equilibria. Some of the most widely used methods are detailed 
in a later section. 
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Stability and Stability Constants of Metal Complexes 
In aqueous solutions metal ions exist as aquo complexes 
in which water molecules are coordinated to the ionic species 
via the oxygen atoms by virtue of lone pair of electrons. When 
metal complex is formed with a particular ligand, water molecules 
are successively replaced by the ligand. The extent of occurring 
this process in particular instances is known as lability of the 
species and when the substitution of the above type takes place 
rapidly, the complex formed is termed labile. The term lability 
is concerned with the kinetic stability of a complex species and 
refers to the speed or rate with vftiich transformations leading 
to the attainment of equilibrium will occur. On the other hand, 
the thermodynamic stability of a species is quantitatively 
expressed in terms of a stability constant. Thermodynamic 
stability of a complex is a measure of the extent to which the 
complex will form from or will be transformed into other species 
under certain conditions when the system has reached equilibrium. 
Thus there are two kinds of stability of coordination complexes 
in solution, kinetic stability and thermodynamic stability. 
A complexation reaction between a metal ion, M, and a 
ligand,X, (charges omitted for sake of brevity) is written as 
M(H20)^ + nX ^=:^ MX^ + nH20 (l) 
23 
where n is the coordination number (it is assumed that the 
ligand is monodentate and no binuclear complex formation 
occurs). The thermodynamic, overall, stability constant, 
^MX ' °^ *^® species MX^ is defined by 
n n 
n 
n 
n 
(2) 
Vn 
where a ' s a re t h e a c t i v i t i e s of v a r i o u s s p e c i e s ( h e r e a f t e r , 
f o r b r e v i t y , M ( H 2 0 ) w i l l he w r i t t e n simply as M). 
Such complexing p r o c e s s e s a re regarded to occur hy a 
s e r i e s of s t a g e s , t h e r e f o r e , i t i s p o s s i b l e t o w r i t e a s e r i e s 
of n equi l ib2n.a f o r t h e fo rmat ion of each i n t e r m e d i a t e complex. 
M + X ^F=^ MX; p 
M + 2X 
M + nX 
^WL 
MX- aj^a^ 
m.^; PMX " 2 
^ _ 
MX„; PI n 
-n ' ^14X^~ n 
(3) 
(4) 
(5) 
Each of the above equilibria refers to the overall 
formation in one stage of each complex species. It is also 
possible to express the complex formation in a stepwise manner 
24 
in the following way: 
M + X .^=iMX; K ^ = - ^ ^ (6) 
'MX 
M X ^ X ^ : ^ M X 2 ; ^MX2 = i i ^ ^^ ^ 
n—1 
The constants K^^^y '^mi ^^^ known as the stepwise stability 
or formation constants. A relationship between the overall and 
stepwise .stability constants can be established in the following 
manner. The expression for Pj-y , for example, may be written as 
3 
^ -* TOC TG ^ 
P 
= ^MX*^ MX2'^ MX_ ^^^ 
In genera l , we may wr i t e : 
M^X = -^ MX-^ MX,*^ MX, ^MX^  = H M^X . ^^°^ 
In systems v^ iere it is possible to maintain the activity 
coefficient of each species constant, concentration quotients 
or stoichiometric stability constants (K ), defined as follows, 
25 
may be used 
n n 
K|wnr = Z T- = (ll) 
where [ ] deno tes t h e c o n c e n t r a t i o n and f s a r e the a c t i v i t y 
c o e f f i c i e n t s of s p e c i e s . 
Thus, 
'•n [MX][X] MX^_i X ^ ^ n - l ' ^ 
o r 
f f 
^ ^ n ^MX„ 
n 
S i m i l a r l y , 
^ "^n ^MX^ 
Mixed-Liaand Systems 
Mixed- l igand complexes a r e t h o s e i n which more than one 
kind of l i g a n d , o t h e r than t h e so lven t molecu le , a r e p r e s e n t 
i h c o o r d i n a t i o n sphere of t h e c e n t r a l metal ion and can be 
r e p r e s e n t e d by t h e g e n e r a l formvLLa (MX.Y.ZT^ ) , where 
0 '-' 
X,Y,Z, a r e d i f f e r e n t l i g a n d s . When to a system con ta in ing 
complexes of t h e t y p e MX., a n o t h e r l i g a n d , Y, i s added, a 
d i f f e r e n t mixed- l igand complex of t h e form MX^ Y . i s formed. 
The e q u i l i b r i u m may he r e p r e s e n t e d a s 
MX^  + 3Y^=^MX^Yj . (14) 
Here t h e l i g a n d X i s known as primary l i g a n d a s i t goes i n 
complexat ion wi th metal ion f i r s t and Y i s secondary l i g a n d . 
The o v e r a l l thermodynamic s t a b i l i t y cons t an t of t h e s p e c i e s 
MX^Y. i s de f ined by 
^MX.Y . 
Like binary systems, it is possible to write a series of 
equilibrium expressions for the formation of each intermediate 
complex together with corresponding overall stability constants. 
M + X + Y • ^  MXY; pj^^ = „ ^  f (16) 
a^a^ay 
^MXY, 2 
M + X + 2Y ^ = ^ MXY2; pj^fXY =^  ? ^^ '^ ^ 
2 ^ M ^ ^ 
27 
a 
M + 2X + Y 
•MXpY 
(18) 
M + iX + iY M i Y . ; Pj^ _^Y J i j 
0 J ^ 4 ^ ^ 
(19) 
Each of t h e above e q u i l i b r i a r e f e r s t o t h e o v e r a l l format ion 
i n one s t a ^ e of each mixed- l igand complex s p e c i e s . 
The e q u i l i b r i a can be w r i t t e n i n a s t e p w i s e manner a l so ; 
MX + Y MXY; K. MXY 
^ Y (20) 
MXY + Y 
®MXY, 
iyiXY2; K MXY 2 ^ Y ^ 
( 2 1 ) 
MX2 + Y 
MX.Y, T+Y 
1 J - 1 
^MXpY 
^ 2 ^ » ^MX Y = a a^ 
^ ^ 2 ^ ^ M X 2 ^ 
MX.Y. ; K^^^^ i 3 
i^ j ^ ^ Y . _ ^ ^ 
(22) 
(23) 
Importance of S t a b i l i t y Constants 
I f a complex has a r e a l existence in so lu t ion , i t s 
s t a b i l i t y constant w i l l be g r e a t e r than zero. 3y knowing 
the s t a b i l i t y constants , i t i s poss ible to ca lcu la te the 
28 
equilibrium concentrations of a l l species under the experimental 
condi t ions . Such a knowledge of the composition of a so lu t ion 
i s helpful for a correct i n t e r p r e t a t i o n of i t s p roper t i es and 
behaviour (such as o p t i c a l , k i n e t i c , b io log i ca l , e t c . ) - I t 
i s a lso poss ib le to p red ic t the condi t ions required for the 
complete or maximal formation of a given complex on the ba s i s 
of the values of s t a b i l i t y cons tan ts . Such r e l i a b l e information 
may be of g rea t importance in planning a n a l y t i c a l and separa t ive 
procedures. 
Furthermore, the constant K, for any equil ibrium i s 
r e l a t ed to the corresponding free energy change by 
-RT InK = AF° = AH° - T AS° (24) 
where AF° = Standard free-energy change 
R = Gas constant 
T = Absolute temperature 
AH = Standard heat content or enthalpy change 
AS = Standard entropy change 
Analysis of K^ and ^^ in to t h e i r component heat and entropy 
terms i s e s s e n t i a l for understanding of many f ac to r s such as 
s i z e , shape, and the e l ec t ron i c s t r u c t u r e of the cen t ra l 
metal ion and the l igand , the temperature, and the composition 
of the solvent , which influence the s t a b i l i t y of a complex . 
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Determination of Stability Constants 
The f i r s t quan t i t a t i ve b a s i s of the study of chemical 
77 
e q u i l i b r i a was made by Guldberg and Waage vihen they for -
mulated the law of mass ac t ion . Their s tud ies were concerned 
mainly with heterogeneous e q u i l i b r i a between so l ids and ionic 
7R 
so lu t ions . Ber the lo t and Pean de St . G i l l e s made the f i r s t 
quan t i t a t i ve i nves t iga t ion of a homogeneous equilibriiim by 
studying the e s t e r i f i c a t i o n of a c e t i c ac id . Woife on a number 
7Q—ftp 
of simple gas phase reac t ions was reported aroimd 1880 but 
i t was only about ten years l a t e r when the law of mass act ion 
was applied to the study of ion ic e q u i l i b r i a . Ostwald , for 
the f i r s t t ime, combined Guldberg and Waage's treatement of 
chemical eqxii l ibria with Arrhenius ' s theory of e l e c t r o l y t i c 
d i s soc ia t ion . He calcula ted t he d i s s o c i a t i o n constant of a 
monobasic acid from conductivi ty measurements, and in 1889, he 
reported the values for the f i r s t d i s soc ia t ion constant of 216 
carboxylic acids * . In 1893, the f i r s t calc\alat ion of second 
d i s soc i a t ion constant in so lu t ions of d ibas ic acids was car r ied 
out by Nobeys . Auerbach and Smolczyk , in 1924, obtained 
values for both f i r s t and second d i s soc i a t ion constants 
simultaneously from data for so lu t ions in which three species 
- 2-
H2A, HA and A of d ibas ic acids coexis ted. 
S t a b i l i t y constants of metal complexes were f i r s t reported 
at the beginning of the twent ie th century. Much of the work 
30 
was c a r r i e d out by Bodlander and h i s c o l l a b o r a t o r s ^ o used , 
f o r t h e f i r s t t i m e , a cons t an t i o n i c s t r e n g t h and by Von E u l e r . 
Bodlander and Storbeck s t u d i e d t h e C u ( I ) - c h l o r i d e system by 
de te rmin ing t h e s t a b i l i t y of C u ( I ) - c h l o r i d e i n aqueous KCl and 
a l s o by measuring the f r e e c o n c e n t r a t i o n of Cu( l ) i o n s us ing 
a copper e l e c t r o d e . They determined ' t h e formula of the 
predominaat complex CuClp and i t s o v e r a l l s t a b i l i t y c o n s t a n t , 
Pp ' S i m i l a r i n v e s t i g a t i o n s on a n\amber of i n o r g a n i c sys tems, 
89 QO 
e . g . , bromide and i o d i d e complexes , s i l v e r h a l i d e s , s i l v e r 
91 92 
amines and mercury t h i o c y a n a t e , were made by Bodlander 
e t a l . Von Eu le r s t ud i ed complexes of s i l v e r with ammonia and 
93 94 
s e v e r a l amines * , ammonia and p y r i d i n e complexes of z i n c , 
95 96 95 
cadmium and n i c k e l ' , and z inc and cadmium cyan ides and 
he de te rmined o v e r a l l s t a b i l i t y c o n s t a n t s us ing p o t e n t i o m e t r i c 
97 
and s o l u b i l i t y methods. Morse c a l c u l a t e d , a s e a r l y as 1902, 
the f i r s t two s t e p s t a b i l i t y c o n s t a n t s , K^ and Kp, f o r t h e 
H g ( I I ) - c h l o r i d e system from s o l u b i l i t y measurements . In 1909, 
format ion of t h r e e P b ( I I ) - a c e t a t e complexes was i n t e r p r e t e d by 
98 Jacques from p o t e n t i o m e t r i c measurements of f r e e c o n c e n t r a t i o n s 
of P b ( I I ) i ons i n a c e t a t e s o l u t i o n s . 
N i e l s Bjerrum s t u d i e d t h e C r ( I I I ) - t h i o c y a n a t e complexes 
and c a l c u l a t e d s i x s t e p s t a b i l i t y c o n s t a n t s '^2.*^2 »^6 ^ ° ^ 
t h e s p e c i e s Gr(SGN)^"^, Cr(SCN)2, , Cr( S01<r)|", r e s p e c t i v e l y . 
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He used the values obtained for the computation of ( i ) the 
average number of thiocyanate ions bound to each Gr(I I I ) ion 
( i i ) the f r ac t i on of the t o t a l chromium in the form of a given 
complex, GrCSCN)^^^"^^"*". Prytz and Pederson'^^*^'-'-^-'- devised 
graphic methods for computing the s t a b i l i t y constants by studying 
3n(II ) chloride and bromide complexes po ten t iomet r ica l ly and 
anilinixim p i c r a t e complex by s o l u b i l i t y method 
A number of experimental and computational techniques 
had been developed for the determination of s t a b i l i t y constants 
between 1920 and 1940. Many of the experimental techniques, 
e . g . , potentiometry, conduct iv i ty , c a t a l y s i s , l i q u i d - l i q u i d 
p a r t i t i o n , and s o l u b i l i t y , vrtiich are fundamentally the same as 
those used a t t h e beginning of the century have been employed 
since 1941. The invention of g l a s s e lect rode in ana ly t i ca l 
work has revolut ionized the measurement of hydrogen ion concen-
t r a t i o n . Spectroscopy, polarography and ion-exchange are some 
of the more recent methods lAiich are used t o determine the 
s t a b i l i t y constants of metal complexes. More advanced methods 
for the computations of s t a b i l i t y constants from experimental 
• 
data have been developed, f o r systems containing simple mono-
nuclear species and also for those containing mixed or polynuclear 
complexes. 
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In the following -gases we sha l l l i m i t our d iscuss ions 
only to polarographic and potent iometr ic methods. These 
methods have been used in the present work for determining 
the s t a b i l i t y cons tants . 
Polarographic Methods 
Polarography, o r i g i n a l l y developed by l a t e Professor 
Jaros lav Heyrovsky a t the Charles Univers i ty , Prague, during 
the twent ies , c o n s t i t u t e s a powerful and v e r s a t i l e technique 
for studying the complexes in so lu t ion . I t i s poss ib le to 
determine the degree of formation, d i s t r i b u t i o n and s t a b i l i t y 
constants of a l l species present in many metal- l igand systems. 
Polarography i s appl icable for systems character ized by both 
r eve r s ib l e and i r r e v e r s i b l e reac t ions at the dropping mercury 
e lec t rode (DMB). 
When metal ions in solut ion undergo complexation with 
l igands other than water molecules, changes in polarog L'aphic 
reduction waves are two fold: ( i ) the half-wave po t en t i a l i s 
sh i f ted , almost invar iab ly , in the more negative d i r ec t ion 
of applied p o t e n t i a l , ( i i ) the diffusion current changes and 
usual ly becomes smaller . 
The use of polarographic method to study s t a b i l i t i e s 
of metal complexes involves the determination of sh i f t s in 
half-wave p o t e n t i a l s or l imi t ing cur ren ts of metal ions in 
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the presence of increasing ligand concentrations. When a 
metal ion iindergoes reversible reduction, both in the absence 
and presence of complexing ligands, the half-wave potential 
is always shifted towards more negative values and the shift 
increases with increase in ligand concentration. This is 
attributed to more bulky complexed ion requiring more energy 
in order to undergo the reduction process at the dropping 
electrode (diffusion being still the rate determining process 
as the rate of the electron exchange process is fast). There 
are cases (e.g., Ni in presence of pyridine) where the half-
wave potential of a metal ion is initially shifted to more 
positive values with increasing ligand concentration but, when 
the latter concentration has reached quite a small value, the 
expected negative shift is again observed. 
The resulting decrease in diffusion current with increasing 
ligand concentration is due to the increased bulk of the complexed 
ions. This has been made the basis of methods of determining 
stability constants. 
Polarographic methods for the determination of stability 
constants of metal complexes may be divided into three categories, 
viz: 
1) methods applicable to reversible reductions; 
2) methods applicable to irreversible reductions; and 
3) methods applicable to both reversible and irreversible 
systems. 
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We sha l l describe here the methods appl icable t o r eve r s ib l e 
reduct ions only, which were used to determine the s tabi l i ty-
constants of both binary and te rnary metal complexes in the 
present work. 
Reversible and Diffusion-Controlled Systems 
A. Binary Systems 
( i ) Lindane's Method-*-^ ^ 
Lingane has described in d e t a i l the app l ica t ion of polaro-
graphic measurements to the i nves t iga t ion of e q u i l i b r i a involving 
complexes (and chela tes ) of metals . 
He derived an expression for t h e sh i f t in half-wave 
p o t e n t i a l produced by the presence of an excess of l igand X, 
given by: 
where c and s r e f e r to complex and the simple metal ions ; 
M^X ' *^ ® s t a b i l i t y constant of the complex MX.; I,,, 1 ,^^  , 
«J J 
the diffusion current constants (=607 nD"^ ) and f„, fyr^ , the 
J 
activity coefficients of the simple metal and the complex ions, 
respectively. If it is assumed that the diffusion current 
constants, Ij,, lyrj , are approximately equal, that the concen-
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tration of free ligand, [X], may be equated to total ligand 
concentration, T^, and that the activity coefficients may be 
dropped, i.e., fj^ f^ '^ /fj^ ^^  c; l, then equation (25) may be simpli-
fied to expression (26) 
or 
I t i s evident tha t the r a t e of change of half-wave po ten t ia l 
with l igand concentrat ion may be expressed as 
d(E, ) 
dlogT^ 
Thus a plot of (El) versus log T^ sho\ild be a s t r a i g h t l i n e 
with slope - j (0 .059 l /n ) from which the coordination nujnber, 
j , of the complex, M . , may be found. Once j i s obtained, the 
s t a b i l i t y constant , p j ^ , may be calcil iated using equation (27) 
J 
Lingane 's method i s successful for systems in which the 
p lo t of (Ei^) versus logarithm of l igand concentrat ion i s 
2 c 
e i t h e r l i n e a r or cons i s t s of a s e r i e s of segments each co r r e s -
ponding to d i f fe ren t values of d(Ei) / dlog Ty for the various 
oc H 
values of J. S t a b i l i t y constants and j values may be determined 
from each segment using Lingane r e l a t i o n s h i p . In order for use 
103 of Lingane equation to be J u s t i f i a b l e , i t i s usual ly necessary 
for the s t a b i l i t y constants of the complex species to d i f fe r by 
at l e a s t a power of 10. Such systems are r a the r l e s s common. 
For most of the systems, a continuous curve i s obtained indica t ing 
the presence of a s e r i e s of complex e q u i l i b r i a . The l imi t ing 
slope of such a curve can be made su f f i c i en t ly l i n e a r , to de te r -
mine the maximum coordination number and thus t he formula and 
s t a b i l i t y constant of the highest complex formed. 
( i i ) DeFord and Hume's Method-*-^ ^ 
DeFord and Hume made first serious attempt to take account 
polarographically, of the step equilibria between successively 
formed complexes in solution. They derived a method for the 
mathematical analysis of the change in half-wave potential of 
a metal ion with changes in the ligand concentration. The 
identification of the successive complex ions formed and the 
determination of their formation constants was thus made possible. 
For complex ions of a metal which is soluble in mercury, the 
reduction to the metallic state (amalgam) at DME may be represented 
by: 
MX +(n - jc) ^  ^ g ^ M(amalgam) + j X"° (29) 
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where X~° is the complex forming substance. For convenience 
this reaction may be regarded as the sum of the pairtial 
reactions 
j^+(n - jc)_^^j4^^ . x-c (30) 
M"*"" + ne ^ M( amalgam) (31) 
where M represen t s the simple (hydrated) metal ions . For 
a r evers ib le e lect rode reac t ion , t he po ten t i a l of the dropping 
electrode i s given by 
Si M^ 
where C i s the concentrat ion of amalgam at the e lectrode 
3r 
surface and G£ is the concentration of simple metal ions at 
the electrode surface. The amalgam formed at the electrode 
surface are very dilute so that f may be considered to be 
unity and will be neglected hereafter. 
The concentration of the complex in the bulk of the 
solution for a given concentration of metal ion and ligand 
may be written as; 
^MX. ^ M ^ M ^ 
«MX, = ; (55) 
r (^ 
and at the electrode surface, as 
^MX. ^M % H 
G° - J (34) 
•^  ^MX. 
It is assumed that the ligand is present in relatively large 
excess so that its concentration at the electrode surface is 
virtually equal to that in the body of the solution. Addition 
of the equations for the individual complexes represented hy 
equation (34) and rearrangement of the resulting equation shows 
that 
0 J=0 ^ 
CS ^M = (35) 
E^^MX. 4/^MX.^ 
j=0 J ^ 
where J = 1,2,3,...,n. 
Combination of e q u a t i o n (32) and (35) g i v e s 
n 
=a ?(PMX. 4/^m.J 
When an excess of supporting electrolyte is present to 
eliminate the migration current, (i.e.,the complexed ions 
reach the electrode by diffusion only) the current at any 
point on the reduction wave is given by 
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n 
0 """j '""j '"^j 0 ^MX. = k ^ E I M X (Cj^ . - C ° ^ ) (57) 
where k i s the c a p i l l a r y constant (= m ' t ' ) . 
A l t e rna t ive ly , 
i = ^ ^c I ^ C M X . - ^ S X . ) (58) 
^ J J 
where I. is the experimental mean value of the diffusion 
current constant for the mixture of complexes which, in 
terms of the values for each individual complex, is expressed 
by 
n 
5 ("""MX-^ MX. ^/^MX.^ 
I = ^ ^ J J {-5^) 
c 
n . 
^ (^ MX. ^/^MX.^ 
Similarly, the diffusion current is given "by 
The concentration of the amalgam at the electrode surface is 
related to the current by 
i = 1^  IM G^ (41) 
4 SI 
Equations (38) and (40) g ive . 
= i^ - 1 
SO that, 
0 ^ 0 k I^ 
Substituting for C° and C ^ from equations (41) and (42) into 
equation (36), we have 
«a.e. = < - i ^-^ (IT^) 1 ^ ^ - '*" 
M d 0 f j ^ 
The expressicn for t he half-wave p o t e n t i a l of the reduction 
wave i s obtained by subs t i t u t ing the condit ion i = ^H/^* 
Thus, 
Similar considerat ions show tha t the half-wave po t en t i a l of 
the simple metal ion i s given by 
The s h i f t i n h a l f wave p o t e n t i a l i s expressed by: 
M^X . ^X 
AE^ = ( 2 ^ ) 3 - ( E J , = 2.303 f l log ( f „ ^ £ — ^ — ) (46) 
V 
J / n ^ ^ i ^ 
2 . 3 0 3 R T ^ \ = log j ^ + logf f „ E -f^^— 
or 
a n t i l o g | ( ^ ^ l J P ^ ) A E . -H log ^ 1 = f^  Z 
Pr/TY [X]^'f-j 
'14X 
J 
0 ^ M X . 
(47) 
This may f u r t h e r be expressed in t h e form 
F,[X] = PQ . pJX] ^ ^ p^ t^] ' ^ . . . . . M ^ f ^ 
^ -^  ^MX '^  ^MXo ^ ^MX 
'i n 
(48) 
In equa t ion ( 4 8 ) , t h e l e f t hand s ide has been w r i t t e n as 
F Q [ X ] t o emphasize t h a t i t i s a f u n c t i o n of f r e e l i g a n d 
c o n c e n t r a t i o n and can be eva l i i a ted from p o l a r o g r a p h i c d a t a 
^ i l e t h e r i g h t hand s i d e i s t h e expanded form of t h e summation. 
The f i r s t term p^ i s t h e s t a b i l i t y c o n s t a n t of t h e "zero complex", 
the v a l u e of which, by d e f i n i t i o n , i s u n i t y . 
C a l c u l a t i o n of I n d i v i d u a l Complex S t a b i l i t y Cons tan t s 
I n equa t ion ( 4 8 ) , f u n c t i o n F Q [ X ] has been expressed i n 
t e r m s of t h e c o n c e n t r a t i o n of uncomplexed l i g a n d and a s e t of 
4/-
activity coefficients. For systems of weak ooraplexes, diffe-
rence between the analytical concentration, T^, and the free 
concentration, [X], may be ignored_,i.e., [X] ^ T^. The problem 
of activity coefficients is a more fundamental and difficult 
to deal with. Therefore, usually, the values of activity 
coefficients are maintained constant by working in solutions 
of constant ionic strength rather than making their approximate 
calculations. Stability constants determined under such condi-
tions are not true thermodynamic constants and are valid only 
under the experimental conditions. Under the condition of 
constant ionic strength, it may be assumed that the activity 
quotients in equation (48) may be dropped, so that, the latter 
becomes: 
FQ[XJ = 1 + P-j_[X] + ^^[xf + ... + Pj^ [xf (49) 
The values of Pj,' s are determined by Leden's graphica l 
ex t rapola t ion method . I t i s c lea r from equation (49) t ha t 
a plot of F^[X] against corresponding values of [X] wi l l be a 
s teeply r i s i ng curve. The graph wi l l have a l im i t i ng slope 
ol ^T, as [X] approaches zero, and an in t e rcep t of 1 on the 
PQ^ZJ a x i s . Thus a prel iminary value of p^ i s obtained. A 
new function F^[X] i s then defined by: 
p rx] = ^Q*-^ ^ = p. + PpCx] + . . . + ^^V^]"""^ (50) 
[X] 
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A plot of derived F^[2] values versus [X] wi l l have a l imi t ing 
slope of p2 a^d an in te rcep t on the F-, [X] ax i s , of p.. as [X] 
tends to zero. Simi lar ly , a new function F^CX] may be defined 
F [X] = -J~- i = p + p [X] + . . . 4- p^[x f -2 (5^^ 
'^  [X] "^  ^ '^  
Continuing the procedure in t h i s manner, f o r the penultimate 
complex, MXv,_T » "the p lo t of fxmction 
VlC^l = ^^ = Pn-1 - P„[« ( ^2) 
versus [X], is a straight line and indicates directly that 
the penultimate function has been reached. The final function, 
\W* given by 
^nW = — =Pn (53) 
will be independent of ligand concentration, so that a straight 
line, parallel to the [X]-axis, is obtained. 
The reliability of the values of higher functions depends 
on the precision with ^ich the first function, PQ[X], may be 
determined. The latter is directly dependent on the precision 
with which the half-wave potentials may be measured. The 
initial potential measurements should be made with great care 
otherwise only slight deviation of points from curves for lower 
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function may give r i s e t o considerable sca t te r ing for higher 
fvmctions making i t d i f f i c u l t and un re l i ab l e to draw the p l o t s . 
B. Ternary Systems 
Schaap and McMasters' Method-^^^ 
Schaap and McMasters developed a log ica l extension of 
the DeFord-Hume's method and then applied the l a t t e r to the 
determination of t h e formation constants of the mixed-ligand 
complexes. 
I f a complexing reac t ion of the following type i s 
considered 
M + iX + jY + . . . ,= ^MX.Y. . . . (54) 
( fo r s impl ic i ty and gene ra l i ty , charges wil l not be included 
in equations), t h e a c t i v i t y of each species may be expressed as 
I f the t o t a l a n a l y t i c a l conca i t ra t ion of the metal ions present 
in a l l forms i s denoted byEM and i f n i s the coordination 
number of the metal ion, then 
n . . 
aj^  = 2M/ E _ f. ^MX.Y,... ^ ^ • • • / ^ M X . Y . . . . (56) 
where PQQ = 1 . As discussed e a r l i e r , the values of a c t i v i t y 
coeff ic ients are usua l ly not known, they are most often held 
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as cons t an t a s p o s s i b l e by ma in t a in ing a c o n s t a n t i o n i c - s t r e n g t h 
and a r e i n c o r p o r a t e d i n t o t h e e q u i l i b r i u m c o n s t a n t s . 
S u b s t i t u t i o n of the e x p r e s s i o n (56) f o r ajyr i n t o t h e N e m s t 
equa t ion d e s c r i b i n g t h e p o t e n t i a l of a DME a t viiose su r face 
meta l i o n s a r e reduced t o form s o l u b l e amalgam g i v e s 
^i.e.'K-^^^ (57) 
n 
^ ^MX.Y. . . y^MX.Y. . . . 
I t can be shown, a s p r e v i o u s l y , t h a t 
C° = i/k I„ 
and 
^^d - i ) = k | : I M X . Y . . . . ( ° M X . Y . . . . - ^ S x . Y . . . . ) (58) 
Let I be the observable "weighted average" diffusion coefficient 
for all diffusing species as assumed earlier, giving rise to the 
electrode current in a given solution, thus, 
|^,T,.../*MX,I.... = ( i d - i ) A l o (59) 
S u b s t i t u t i n g e q u a t i o n s (58) and (59) i n t o equa t ion ( 5 7 ) , t h e 
equa t ion f o r t h e p o l a r o g r a p h i c wave becomes 
o RT c RT i i 
^ d . e . = \ • HP ^^ I ^ " E F ^^ ^ ^MX^Y^... ^ ^ • • • / ^ M ^ Y ^ . . , 
The f i r s t t h r e e t e rms on t h e r i g h t - h a n d s i d e of t h e equa t ion 
(60) r e p r e s e n t t h e ha l f -wave p o t e n t i a l of t h e complexed metal 
i o n , (E-) . The d i f f e r e n c e between the ha l f -wave p o t e n t i a l 
of t h e simple meta l i o n , (E, ) , and t h a t of t h e complexed 
meta l ion i s g iven by: 
a^ X ^ • • • / ^ M X . Y ^ •^'•^  
Thus a new f u n c t i o n , PQQ ( X , Y , . . . ) , i n analogy to t h e 
DePord and Hume f u n c t i o n , P Q [ X ] , can be de f ined a s 
P o o . . . [ X , Y , . . . ] = a n t i l n ^ | | A E ^ + I n j r - ^ j (62) 
Al l terms in equa t ion (62) a r e r e a d i l y e v a l u a t e d from p o l a r o -
g r a p h i c da t a except for f „ , which i s u s u a l l y i n c o r p o r a t e d i n t o 
t h e e q u i l i b r i u m c o n s t a n t s . Equat ion (62) may be w r i t t e n as 
P 
^ 0 0 . . . ( X , Y , . . . ) = a n t i l o g j ( Q - ^ g ^ ^ ^^) AB^ + log ^ 1 (63) 
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For t he descr ip t ion of ana lys i s of the Y^^ functions 
fo r the formation constants of the mixed-ligand systems, l e t 
us consider the simple case of two d i f fe ren t l igands of same 
func t iona l i t y , assiiming tha t a t most of a t o t a l of three 
l igands can add t o the c e n t r a l ion. 
The f ac to r i za t i on of FQQ(X,Y) function leads t o : 
+ {p io -^  hi^^'^ ^ P i2 [Y]^} [x ] 
+ {P20 ^P2l tY^ ] W ' 
+ {^ 30 } W^ ^^ ^^  
or 
PQQ(X,Y) = A + B[X] + G[X]2 + D[X]^ (65) 
where the q u a n t i t i e s , A,B,G and D, are defined hy equation(64) 
and a re constant fo r a given value of [Y]. 
In order to apply the p r i n c i p l e , experimental data are 
obtained under such condi t ions tha t the concentrat ion of one 
l igand remains constant i ^ i l e tha t of the other i s var ied . 
Then the r e su l t ing FQQ data are analyzed by Leden's graphical 
ex t rapola t ion method . I f [Y] i s maintained constant while 
[X] i s var ied , the value of constant A may he obtained by 
p lo t t i ng PQQ versus [X] at a given value of [Yj. The plot 
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will represent a cubic equation with a limiting slope of B as 
[X] >• 0 and an intercept, A, at [X] = 0. The value of A 
at the same value of [Y] can also be calculated from the 
consecutive formation constants for the simple system contai-
ning the metal ion with the ligand Y alone. This value of A 
may be compared with the intercept value of A. 
If this intercept value of A is subtracted from F^Q and 
the resulting quantity is divided by [X] at each value of [X], 
then a plot of the F^ ^ function, given by equation (66), 
F - A 
J. = -00 = B + C[X] + D[X]2 (66) 
^0 [X] 
versus [X] represents a quadratic function viiose intercept on 
the [X]-axis is B and whose limiting slope is G as [X] > 0. 
Continuing this procedure, we have 
P — B 
F.^  = -lO-I— = C + D[X] (67) 
'^^ [X] 
A plot of the FpQ function versus [X] is linear having a 
limiting slope of D as [X] > 0 and an intercept C at [X] = 0, 
The F,Q function is equal to constant D and the F,Q versus [X] 
plot is a straight line parallel to [X]-axis. 
It is evident from equations (64) and (65) that D is 
equal to ^-XQ, the overall complexity constant of the simple 
system containing the metal ion with the ligand X alone. The 
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value of G i s equal to ^^Q "^  ^21^^^* "^ ^^  value of p^i °^^ ^® 
calculated d i r e c t l y i f Ppn ^^ known for the simple system. The 
value of B i s equal to P-,Q + P2_]_[Y] + p-jpCY] . In addi t ion to 
the formation constant P-.Q for the simple system, there are two 
unknown constants , P-,-, and Pnp* Therefore, t o evaluate two 
unknown constants , B must be measured a t l e a s t a t two d i f ferent 
values of [Y]. 
I t i s necessary to have some judgement about choosing the 
concentrat ion range of Y over which the various cons tants are 
evaluated. The ligand Y should oe present in such concentrat ion 
tha t t h e corresponding complexes are present in so lu t ion in 
appreciable amounts. At concentra t ions fa r removed from these 
regions , the value of P . . functions may vary widely and become 
J. J 
. T 105 meaningless 
Potent iometr ic Methods 
A. Binary Systems 
A number of equations have been derived by var ious workers 
for ca lcula t ing the s t a b i l i t y constants from pH- t i t r a t i o n data . 
The pH-measurements during t i t r a t i o n of a chela t ing agent in 
presence and absence of metal ions with a l k a l i are used to 
ca l cu la t e the free l igand exponent, pX, and the degree of 
formation of the system, n. The stepwise s t a b i l i t y constants 
are then computed as described by Bjerrum and by Leden 
As d i f fe ren t authors have used d i f fe ren t symbols, the 
equations ohtained for n and pX r e l a t i o n s are often contusing. 
The following t reatment , given "by I rving and Rossot t i , i s 
simpler, shor te r and qui te genera l . 
I rving and R o s s o t t i ' s Method 
The stepwise s t a b i l i t y constant of the metal- l igand 
complex,MX^, as previously defined, i s given by 
E ^ 
^ [MX^_l][X] 
and tha t of l igand-proton complex, XH., by 
[XH ] 
% = ^ J [XH._^][H] 
The overall stability constants for these complexes are given by 
^n = ^l-^2-^3"*^n 
and 
J 1 -^  5 0 
Let the t o t a l concentra t ions of d i s soc iab le hydrogen, l igand 
and metal in the system be T^, T^ and T^, r e spec t ive ly . The 
degree of formation of metal- l igand comulex, n, i s then given 
by 
_ _ Total concentrat ion of l igand bound to metal 
^ ~ Total concentrat ion of metal 
Ty - (Concentration of l igand not bound t o metal) 
_ _ 
Similar ly , for l igand-proton complexes, 
- _ Total concentrat ion of proton bound to l igand 
Ti ~ Total concentrat ion of l igand not bound to metal 
TxT - (Concentration of free proton) 
(TH - [H]) 
(T^ - HTj,) 
whence from equation (68) 
Tx - (Tjj - [H])/njj 
n = M^ 
DJ. 
(68) 
(69) 
(70) 
But 
^ j=l J j=0 J 
J=l ^j j=0 ^ j 
As, the concentration of ligand not bound to metal = T^ - nT^ 
= [X] Z PT. [H]J (where p„ = 1) 
0 ^j ^0 
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I . e . , 
J -i 
log3_Q(Tx - nTj^) = log-LQ[X] + log3_Q E P H . I ^ ^ ^ 
o r 
J i 
0 j 
Let us consider the value of T^ in the general case. If 
sufficient ligand carrying dissociable hydrogen in the foim, 
H,X, is added to a concentration of mineral acid, E, to give 
a total ligand concentration, T^, the total initial concentra-
tion of dissocia"ble proton will be E + dT„. Thus, for ligands, 
e.g., 2,2'-bipyridyl, imidazole, d = 0-, for glycine, acetyl-
aceton, d = 1; for oxalic acid, disodium salt of ethylenedi-
aminetetra acetic acid, d = 2. When alkali as sodium hydroxide 
is added to give a sodium ion concentration, Na(in excess of 
any due to neutral salt initially present), it reduces the 
total acidity to a value 
Tjj = E + dT^ - Na + [OH] (73) 
where the last term appears on account of hydrolysis and is 
usually negligible as compared with the others. 
Calculation of njj, n, and pX from equations (69), (70) and 
(72) requires an accurate knowledge of [H]. Two difficulties 
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may arise in this calculation. 
(i) If data are taken from a single titration curve for mineral 
acid and ligand with or without metal present, then in more acidic 
solutions, Na and [OH] are negligible and E»T„, so that we 
have [H]:^E. Then the calculated value of Tj^  - [H] will be 
very sensitive to small errors in [H]. This difficulty is 
largly overcome by the following procedure. In Fig. 1.1, curve 1 
represents the titration curve for mineral acid alone and curve 2 
shows that of mineral acid and ligand. Points on curve 1 are 
given by 
[E]^ = E^ + [OH]-L - Na-L (74) 
and from equa t i on ( 6 9 ) , p o i n t s on curve 2 a r e g iven by 
[H]2 = E2 + [0H]2 - Na2 + dT^ ^ - n^ T^ (75) 
For t h e same r e a d i n g s of pH-meter f o r both s o l u t i o n s ( o r d i n a t e P) 
a^^ = a^^ and a.Q^_^ = a^^^ 
and, for the solutions of the same ionic strength, 
TH]^ = [E]^ and [OH]-L = [0H]2. Then 
\ = {(^ 2 - %) - (Na2 - Na^ ) + dT^  J/T^^ (76) 
Na2 
V3 
Na3 
Vi (Vol.) 
Nai (Concn.) 
A lka l i added 
Fig.1.1: Typical t i t r a t i on curves.!.Mineral acid 
2. Mineral acid and l igand. 3.Mineral ac id , ligand 
and meta l . 
54 
Let us suppose tha t the i n i t i a l valumes, V„, the mineral 
acid concentrat ion, E^, and the t o t a l l igand concentrat ion, 
TY » were the same in each t i t r a t i o n , and t h a t volumes V-, , V^ 
of a l k a l i of concentrat ion N were added to reach the points 
N a-,, Na2, then 
E. = ^0^0 
VTJ_N 
1 - (VQ + Y^) ' ^^1 - w~nqj ' 
Eo = 
V E V2N 
jj—TTT) ' N^2 - Tv~rvr) and T^  '2 - CVQ + V2T ' ""-2 - (VQ + V2) ""^^ ^X, 
V T 
Then from equa t ion (76) 
°H = < dT, 
{Y^ - V2)(N + EQ) 
/ T X, 0 
(77) 
Thus, values of ivr may be read i ly evaluated from equation (77) . 
These values are ca lcula ted from and correspond to known hydrogen 
ion cen t ra t ions or a c t i v i t i e s and may be used d i r e c t l y for the 
ca lcu la t ion of n values for metal- l igand complex formation. 
( i i ) The second d i f f i c u l t y a r i s i ng out i s t he ca l cu l a t i on of 
values of the l igand-proton s t a b i l i t y cons tan ts , K.T , from 
eqaution (71) . In order to determine j such cons tants , at 
l e a s t j widely separated values of n^ r must be known. In each 
case, [H] corresponding to n„ i s required. 
5.^  
When a "buffer so lu t ion of known hydrogen ion a c t i v i t y , a^j, 
i s used in s tandardizing the instrument, the pH-meter readings 
wi l l be equal to P = pajj = - log suj. I t was shown by Van IJ i ter t 
109 and Haas , the general r e l a t i o n 
- log^Q[H] = P + logfjj + logU^ (78) 
between hydrogen ion concentrat ion and pH-meter readings, P, 
i s equally va l id for water and other solvent mixtures . Here 
f„ i s the a c t i v i t y coeff ic ient of hydrogen ions in the solvent 
under the experimental condi t ions and u£ corresponds to the 
correc t ion at zero ionic s t r eng th . For water, !!„ = 1, and at 
un i t a c t i v i t y coef f ic ien t , [H] = l / a n t i l o g P. In genera l , i f 
the values of l / a n t i l o g P = [HjfrrUTT are subs t i tu t ed in equation 
(71) in place of [H] values which are not easy to determine, 
ca lcula ted proton-l igand s t a b i l i t y constants wi l l be termed 
p p rac t i ca l constants , denoted by KTT . These are r e l a t ed t o the 
desired s to ichiometr ic constants by the expression 
and 
T O ^ J xrP 
PH. = (%UH^ ^ H . ('^ ^^ ^ 
J J 
The value of log firU^ may be obtained as the i n t e r cep t of the 
l i n e a r p lot of p[H] against P, using so lu t ion of known hydrogen 
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ion concentrat ion and can be used t o convert p r ac t i ca l constants 
in to s to ichiometr ic cons tants . However, these refinements are 
not necessary for ca lcu la t ing the s t a b i l i t y constants of metal 
l igand complexes. 
In Pig. 1 .1 , curve 3 shows the t i t r a t i o n curve for a mixture 
of mineral acid, l igand and metal ions . For any point on curve 3 
[H]3 = B3 + dTx^+ [OH]^- Na3 - n^^T^^ + ^^j>\^ (80) 
If the ion ic s t reng th of t h i s so lu t ion i s the same as t ha t used 
for curve 1 and curve 2, then for the same pH-meter reading P on 
a l l the three curves ( i . e . , same ordinate P) , 
[H]^ = [H]^, [OHlj = [OH]^ and 
iLj. = iig , so tha t 
(E2 - E3) + (Tj - T^ )(d - n j^) - (Na2 - Na^) 
n = ;;; 
If t h e i n i t i a l volumes, VQ, and concentrat ions of ac id , EQ, 
and of l igand , T^ . were t he same i n each solut ion and volumes 
Vo and V, of a l k a l i of concentrat ion N were added to reach the 
poin ts Nap and Na,, then from equation (81) 
(81) 
( V 3 - V 2 ) { N - . E o + T ( d - 5 ^ ) } 
n = 2 (82) 
(VQ + V2)iHi T 
D 3 
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Values of IITT appropriate to each pH-meter reading, P, a re 
obtained from equation (77) . Then, ii can d i r e c t l y be calculated 
from pH-meter readings without any exact knowledge of the corres-
ponding hydrogen ion concentrat ions or a c t i v i t i e s . Calculation 
of pX from equation (72) would again requi re a knowledge of [H], 
but by a transformation, 
pX = log 10 0 (fjjU^J) l -3 ( [H]f^U^)V(Tx-5T^) 
= log 10 
fJ p 
E pJd/antilogP)V(Tx ^ \ ) (72a) 
Hence the form of equation (72a) i s the same as t h a t of (72) . 
In equation (72a), values of l / a n t i l o g P are used in place of 
[H] and the p r a c t i c a l overa l l s t a b i l i t y constants PTT , T)reviously 
.1 
obtained for the l igand-proton complexes, are used in place of 
the s to ichiometr ic values Brr . 
When n, pX data are ava i l ab le , the formation curve for 
the metal-l igand system may be drawn and values of K ca lcula ted . 
Computation of S t a b i l i t y Constants from Experimental Formation 
Curves 
The extent of mononuclear complex formation in a system 
may be expressed in terms of n. In experimental methods for 
determining n, as a function of the f ree l igand concentrat ion, 
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the activity coefficients of all species could be held effectively 
constant by maintaining constant ionic strength of solutions so 
that the law of mass action may be applied in terms of concen-
trations. Since for mononuclear complexes, n is a function of 
only the variable, free ligand concentration, [X], and the 
parameters p.; n simultaneous equations of the type. 
J 
n = -i (83) 
EP, m^ 
0 J 
can, in principle, be solved for the n required values of p.. 
There are different methods for determining the values of 
stoichiometric stability constants from the formation cuirve 
depending on the value of n, i.e., whether n is less, equal 
or greater than three. We shall describe only the extrapolation 
methods in which the functions n(X) can be transformed to give 
simple polynomials in [X] or in [X]~ ; values of stability 
constants can, in principle, be obtained by extrapolating these 
and the related function to [X] = 0 or [X]~ = 0. 
(i) Leden-^ -*-^  and Fronaeus' s"*"-*--^  Method 
The most commonly used function is 
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which may he ohtained from measurements of n(X) as follows. 
From Fronaeus expression, 
n 
cm 
S P [X]J = exp 
0 J 0 
n 
m 
rW 
d[X] = exp n dln[X] 
Jo 
or 
1 + p^[X] + ^2^^^^ + ... + Pn[xf = exp 
.[X] 
0 
ii dln[X] (85) 
The value of function K is given by 
exp 
F. 
[X] 
0 
n dln[X] - 1 
[X] 
(86) 
It is evident from equation (84) that a plot of the function 
F, (X) against corresponding values of [X] will have a limiting 
slope, as [X] tends to zero, of pp i^nd an intercept, on the 
F-,(X) axis, of p, . Once P-, is known, the procedure is continued 
like in polarography until all the p's are computed. 
Any errors in the values of P-,» Pp****' ^t-l (C'*^ ''''^ )^ will 
accumulate in the value of p+. Equation (84) may be rewritten 
as a polynomial in [X]~ , as 
F^ [X ]1 -^ = p^ + p^_^ [ X ] - l + p^_2 [X] -2 -, . . . + P - L [ X ] 1 - ^ (87) 
*1 Y% 1 
Thus, i f n i s known, F, [X] ~ may be p l o t t e d a g a i n s t [X]~ to 
6t 
give (3 -, as the l imi t ing slope and p as the in te rcep t on 
P, [X] ax i s , as [X]" approaches zero. Similar ly , once (3^ 
i s known, values of ^^n and ^^_j_ may be obtained from the 
l imi t ing slope 
against [X]" . 
 l  and in te rcep t of the plot of ?2.t-^^ " " n^'^ '^ -^  
The values of constants obtained by using polynomials 
both in [X] and [X]~ can be compared; i f they do not agree 
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s a t i s f a c t o r i l y , they may be refined by successive approximation . 
113 ( i i ) Rossot t i and R o s s o t t i ' s Method 
Rosso t t i and Rossot t i avoided the graphic in t eg ra t ion by 
su i t ab le transformation of equation (83) . They p lo t ted the 
function 
n 2 - n IL^ 2 - n 
= Pi + 2^ :: ^^'^ ^ Z Pjt^^'^"^ ^^8^ 
^ (1 - n)[X] ^ ' ^ l - n ^ 1 - n ^ 
against (2 - n ) [ X ] / ( l - n ) . The value of P-, i s again obtained 
as the in t e rcep t and an approximate value of Pp as the l imi t ing 
slope as the term (2 - n ) [ X ] / ( l - n) tends to zero ( i . e . , as 
[X] > 0 ) . SimilarLy, i f va lues of p-,_, p 2 ' * " ' P t - l ( 0 < t < n ) 
have been determined, the expression 
t - 1 
- t - n 
n 
+ ^ _ p [X]J-^ (89) 
Q t - n ^ t
t4-2 ^ - ^ ^ 
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may be c a l c u l a t e d . Now t h e f u n c t i o n J?, may be p l o t t e d a g a i n s t 
( t + 1 - n ) [ X ] / ( t - ii) t o g i v e p^ as the i n t e r c e p t and ^^^j_ as 
the l i m i t i n g s lope when [X] — ^ 0 . In t h e same way, as "before, 
_ T | 
t h e c o n s t a n t s may a l so be ob t a ined by e x t r a p o l a t i o n t o [X] = 0, 
u s i n g , e . g . , one of t h e f u n c t i o n s 
n - l - n ^n ^n \ n - l - n 
^ yn - 1 - n ^nj 
5[X]"'^ n - 1-H . ^ 2 -
n ~ n ^ ^ + - n - n J ^ n - n ^ 
Some o t h e r c l o s e l y r e l a t e d methods have been d e s c r i b e d 
by Zing and G a l l a g h e r , Pomin and Maiorova and Olerup 
B. Ternairy Systems 
Chidambaram and B h a t t a c h a r y a * s tud ied mixed- l igand 
complexes of Gu(II ) and N i ( I I ) with 2 , 2 ' - b i p y r i d y l ( X ) as 
pr imary and amino ac id (Y) as secondary l i g a n d s . They d e t e r -
mined t h e fo rmat ion c o n s t a n t f o r the format ion of 1 :1 :1 mixed-
l i g a n d complex accord ing t o equi l ibr i ixm 
MX^ "^  + y" >^  " MY"^ (92) 
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by app ly ing I i r v i n g - R o s s o t t i t e c h n i q u e . The h a s i s of d e t e r -
mining t h e fo rma t ion c o n s t a n t s was t h a t 1:1 m e t a l - b i p y r i d y l 
complex was formed a t lower pH and was s t a b l e a t h i g h e r t)H 
when t h e secondary l i g a n d g e t s bound. Then the number of 
secondary l i g a n d added p e r mole of 1:1 m e t a l ( I I ) - b i p y r i d y l 
complex was c a l c u l a t e d i n the same way as t h e number of l i g a n d 
added p e r mole of metal ion i s c a l c u l a t e d fo r b i n a r y sys tems. 
Having known the v a l u e s of n and pY, v a l u e of format ion cons tan t 
f o r e q u i l i b r i u m (92) was determined from t h e format ion cu rve . 
The p r e s e n t method i s a l s o known as modified I r v i n g - R o s s o t t i 
p H - t i t r a t i o n t e c h n i q u e and has been used by many workers t o 
c a l c u l a t e the s t a b i l i t y c o n s t a n t s fo r mixed- l igand complexes 
119 i n 1 :1 ;1 t e r n a r y s o l u t i o n s . Ramamoorthy and Manning c a l c u l a t e d 
t h e format ion c o n s t a n t s of mixed- l igand complexes of d t - (X) and 
m e s o - t a r t a r i c a c i d (Y) with F e ( l l ) , L a ( I I ) and N d ( I I ) , formed 
by e q u i l i b r i u m ( 9 3 ) , from p H - t i t r a t i o n d a t a . 
MY + H2X >. " MXY + 2H (93) 
L a t e r t h i s method was used by Santappa e t a l . ' t o cR lcu l a t e 
the fo rmat ion c o n s t a n t s of t e r n a r y complexes of u r a n y l ion wi th 
mono- and d i c a r b o x y l i c a c i d s . 
Mixed- l igand complexes of N i ( I l ) , Z n ( l l ) and Gd(II ) wi th 
2 , 2 ' - b i p y r i d y l and 1 , 1 0 - p h e n a n t h r o l i n e as pr imary l i g a n d s (X) 
and amino a c i d s (Y) as secondary l i g a n d s have been s t u d i e d by 
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'] 00 "l 0*^ 
Gr.S. Malik e t a l . * where t hey have r e p o r t e d t h e format ion 
c o n s t a n t s of 1 :1 :1 mixed- l igand complexes and monohydroxo mixed-
l i g a n d complexes assiiming t h a t 1 :1:2 and 1 :1 :3 s p e c i e s were 
absen t i n 1 :1 :1 t e r n a r y s o l u t i o n s . 
I f many s p e c i e s a r e foimed in a mixed- l igand system then 
none of t h e above methods can be used t o d e t e i m i n e t h e format ion 
c o n s t a n t s a s t h e c a l c u l a t i o n s w i l l become more and more compl i -
c a t e d . 
Many computer programs have been developed t o c a l c u l a t e t h e 
c o n s t a n t s of a c i d s and b a s e s , t h e s t a b i l i t y c o n s t a n t s of s imple 
as wel l a s m u l t i m e t a l - m u l t i l i g a n d mixed complexes . The 
-IPJ. 131,132 
most widely used of t h e s e programs a r e SCOGS and MINIQUAD 
The most r e c e n t program, c a l l e d SUPERQUAD ^, has become a v a i l a b l e 
i n 1985. I t i s t h e improved v e r s i o n of MINIQUAD. I t i s capable 
of c a l c u l a t i n g s i m u l t a n e o u s l y a s s o c i a t i o n c o n s t a n t s fo r 18 s p e c i e s 
formed i n a s o l u t i o n con t a in ing upto f o u r r e a g e n t s from p o t e n t i o -
m e t r i c t i t r a t i o n d a t a . 
In work d e s c r i b e d i n t h i s t h e s i s we have mainly used t h e 
methods of DeFord 4 Hume and Schaap * McMasters ( f o r p o l a r o g r a p h i c 
s t u d i e s ) and R o s s o t t i <fc R o s s o t t i and the SUPERQUAD program ( f o r 
p o t e n t i o m e t r i c s t u d i e s ) . 
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CHAPTER I I 
POLAROGRAPHIC STUDIES ON BINARY 
AND TERNARY SYSTEMS INVOLVING 
CADMIUM ( I I ) , AMI NO ACIDS, 2,2'-BIPYRIOYL 
AND IMIDAZOLE 
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CADMIUM( II)-AMINO AGlDS-k2'-BIPYRIDYL SYSTEMS 
INTRODUCTION 
P o l a r o g r a p h i c s t u d i e s on mixed- l i ^and complexes of G d ( I I ) , 
e s p e c i a l l y i nvo lv ing l i g a n d s of b i o l o g i c a l i n t e r e s t , a r e not 
many. Kim e t a l . s t u d i e d mixed- l igand complexes of Cd(I I ) 
with h i s t i d i n e and hydroxide ion i n t h e pH range 9 -13 . Ternary 
complexes, w i th ammonia and p y r i d i n e , of Gd(I I ) were s tud i ed 
2 3 
by Sundaresan e t a l . El-Bzaby e t a l . , i n t h e i r p o l a r o g r a p h i c 
s t u d i e s on t e r n a r y complexes of C d ( I I ) , used pyridoxamine a s 
pr imary l i g a n d and amino a c i d s a s secondary l i g a n d s . J a i n , 
Kishan and Kapoor de termined t h e fo rmat ion c o n s t a n t s of 
complexes invo lved in G d ( I I ) - g l y c i n e - N - N - b i s ( 2 - h y d r o x y e t h y l ) 
g l y c i n e system. S t u d i e s on G d ( I I ) - c a r b o x a l i c a c i d - imidazo le 
and - amino a c i d s t e r n a r y systems have a l s o been made by 
po l a rog raphy^"^ . I s l am and Bhat s t u d i e d t e r n a r y complexes 
of Gd(II) wi th g l y c i n e and h i s t i d i n e . P o l a r o g r a p h i c s t u d i e s 
on mixed- l igand complexes of Gd( I l ) wi th g l y c i n e and methionine 
and g l y c i n e and e thy lened iamine were c a r r i e d out by Ramaiah, 
Bhat and Sundaresan . S t a b i l i t y c o n s t a n t s of mixed- l i ^and 
complexes of Gd( I I ) with g l y c i n e , p - a l a n i n e and L - h i s t i d i n e a s 
pr imary l i g a n d s and e thy lened iamine and 1 ,2-diaminopropane a s 
12 
secondary l i g a n d s were de termined by I s l am, Singh and Bhat 
7?. 
Saxena et a l . * inves t iga ted na ture of complexation of Gd(II) 
with mixed-ligand system, t h i o l a c t i c and glutamic ac id s . The 
reduct ion of mixed-ligand complexes of Gd(II) with N-(2-hydroxy-
ethyl)ethylenediamine and some amino acids at DME was s tudied 
hy Chandel and Gupta . Gd(II ) - th iourea-glutamate mixed-ligand 
system was studied polarographica l ly by Dong re . Polarography 
of mixed-ligand complexes of Gd(II) containing ethylenediamine 
17 and amino acids was studied by Aggarwal, Pandeya and Singh 
1 fl 
and also by MTindra e t a l . 
The above sxirvey revea ls t ha t no polarographic s tud ies on 
mixed-ligand complexes of Cd(II) with 2 ,2 ' -b ipyr idyl (BP) and 
amino acids(AA) have been made so f a r . However, mixed-ligand 
complexes of cadmiiun(II) with 2 , 2 ' - b i p y r i d y l as primary l igand 
and g lyc ine , a -a lan ine , nor leuc ine , h i s t i d i n e and phenylalanine 
19-21 have been studied po ten t iomet r ica l ly by Malik et a l . , where 
the formation of 1:1:1 mixed-ligand complexes and t h e i r mono-
22 2"^  hydroxo de r iva t ives was repor ted . Joshi * determined s t a b i l i t y 
constants for the addi t ion of amino acids (g lyc ine , a -a lan ine , 
l euc ine , i so leuc ine , v a l i n e , threonine , se r ine and methionine) 
to 1:1 Gd(BP) complex using modified I rv ing-Rosso t t i t i t r a t i o n 
method which were found to be near ly equal to those for 1:1 
binary metal(II)-amino acid complexes. This was explained on 
the bas i s of n-bonding formation by the back donation of e lec t rons 
from metal-*bipyridyl. 
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As no p o l a r o g r a p h i c s t u d i e s of t h e mixed complexes of 
Gd(I I ) wi th 2 , 2 ' - b i p y r i d y l and amino a c i d s have been made so 
f a r , we have under t aken s y s t e m a t i c i n v e s t i g a t i o n s on "binary 
and t e r n a r y complexes of Cd( I l ) wi th amino a c i d s a s pr imary 
l i g a n d s and 2 , 2 ' - b i p y r i d y l as secondary l i g a n d . The amino 
a c i d s chosen were g l y c i n e , DL-a -a l an ine , I3L-valine, DL-ser ine , 
^ - l e u c i n e and DL-methionine. 
EXPERIMENTAL SEGTIOF 
Ligands 
The l i g a n d s g l y c i n e , DL-a -a l an ine , DL-ser ine (BDH, Poo le , 
Eng land) , DL-val ine (SD'S, I n d i a ) , t - l e u c i n e (E.Merck, I n d i a ) , 
DL-methionine (SISGO, I n d i a ) and 2 , 2 ' - b i p y r i d y l (BDH, AnalaR, 
P o o l e , England) were used wi thout f u r t h e r pu i rLf ica t ion . The 
s tock s o l u t i o n s of l i g a n d s were p repa red by d i s s o l v i n g a c c u r a t e l y 
weighed amounts i n doubly d i s t i l l e d w a t e r . 
Cadmium Chloride 
Stock so lu t ion of CdGl2.6H20 (SISGO) was prepared in a 
ca lcula ted amount of n i t r i c acid t o prevent t he hydrolys is of 
Cd(Il) i ons . The metal content in stock so lu t ion was determined 
by d i r ec t t i t r a t i o n with disodiura s a l t of BDTA using Eriochrome 
Black-T as i nd i ca to r . For the s tandard iza t ion of metal ion, 
following so lu t ions were prepared. 
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( i ) 0»01M Disoditun Salt of EDTA 
A calculated amount ( l .86 l2g) of disodium s a l t of EDTA 
(BDH, Ind ia , dr ied at 80° for about two hotirs) was dissolved 
in 500 ml of d i s t i l l e d water and the so lu t ion was stored in a 
dry polyethylene b o t t l e . 
( i i ) Briochrome Blacfe-T 
O.lOg of ind ica to r was dissolved in 10 ml of methyl 
alcohol (SB'S). I t was then f i l t e r e d and stored in dropping 
b o t t l e . 
( i i i ) Ammonia Buffer. pH 10.0 
6.4g of NH^Cl (Merck, India) was dissolved in water, 
then added to i t , 57 ml of concentrated ammonia (SB'S) and 
d i lu ted to 100 ml with d i s t i l l e d water. The buffer so lu t ion 
was stored in polyethylene b o t t l e . The pH corresponded to the 
so lu t ion t i t r a t e d and not to the stock buffer i t s e l f . 
Sodixm Hydroxide 
GOp-free NaOH was prepared in order t o determine the 
d i s soc ia t ion constants of t he l igands under t h e experimental 
condi t ions as fo l lows. 
NaOH p e l l e t s (S. Merck, India) were dissolved in a i r - f r e e 
water. For the preparat ion of a i r - f r e e water, doubly d i s t i l l e d 
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water was boi led for about ten minutes, cooled in an a i r t i g h t 
f lask and was sa tura ted with n i t rogen by passing oxygen-free 
n i t rogen gas (passed successively through solu t ions of a lka l ine 
pyroga l lo l , chromous chloride and the solvent) f o r about ha l f -
an-hour. NaOH solu t ion was standardized by t i t r a t i n g against 
potassium hydrogen phtha la te (99.5^* BDH, India , dried at 120°C 
for two hours) using phenolphthalein as i n d i c a t o r . 
In addi t ion , d i l u t e so lu t ions of KOH were prepared to 
adjust pH of the so lu t i ons . 
N i t r i c Acid and Perch lor ic Acid, 
Acid so lu t ions were prepared in doubly d i s t i l l e d water 
and were standardized with standard C02-free NaOH using 
phenolphthalein as i n d i c a t o r . 
Tri ton X-100 
Stock so lu t ion of 0 . 1 ^ Tri ton X-100 (BDH, Poole, England) 
was prepared in d i s t i l l e d water. 
Potassium N i t r a t e 
Potassium n i t r a t e (E. Merck) so lu t ion was prepared t o 
adjust constant i on i c - s t r eng th of experimental so lu t i ons . 
Mercury 
The mercury (E. Merck for polarography) was used in the 
dropping electrode. 
7iS 
Water 
Doubly d i s t i l l e d water, d i s t i l l e d from an a l l g l a s s 
apparatus , was used in preparing a l l stock and experimental 
so lu t ions . 
Measurements 
-4 Polarographic measurements were performed with 5x10 M 
Cd(II) and 0.001^ Triton X-100 as maximum suppressor . The 
ion ic s t rength was kept constant a t 0.5M by the addi t ion of 
r e q u i s i t e amounts of KNO .^ Pur i f ied n i t rogen gas was passed 
through the so lu t ions to be polarographed to remove dissolved 
oxygen. The temperature of the so lu t ion was maintained constant 
in a double-walled g lass c e l l , through the outer jacket of >diich 
water c i r cu la t ed from a constant temperature ba th . 
Polarograms were recorded at 35 + 0.1°C with a Toshniwal 
d i g i t a l polarograph type CL02B. A sa tura ted calomel e lec t rode 
was used as reference e l ec t rode . The dropping e lec t rode had a 
drop time of 4s(open c i r c u i t ) at an e f fec t ive height of 49 cm 
(55.25 cm in case of Cd( I I ) -b ipyr idy l system). 
pH measurements were made on a d i g i t a l pH meter (ELICO, 
model LI-12Q, India) provided with g l a s s (ELICO-type EE-62) 
and calomel (ELICO-type ER-70) e lec t rodes with an accuracy of 
+ 0.01 pH u n i t s . The e lec t rode system was ca l ib ra t ed by 
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t i t r a t i n g perch lo i r i c a c i d of known s t r e n g t h ( I = 0.5M, a d j u s t e d 
wi th KNO,) wi th s t a n d a r d C02-free NaOH. The pH-meter r e a d i n g s 
were then compared wi th t h e c a l c u l a t e d ones . 
The p r o t o n a t i o n c o n s t a n t s of f r e e l i g a n d s were determined 
25 by I r v i n g and R o s s o t t i t i t r a t i o n method by t i t r a t i n g t h e 
fo l lowing s o l u t i o n s 
( i ) 0.025M N i t r i c Acid 
( U ) 0.025M N i t r i c Acid + 0.005M Amino Acid 
( i i i ) 0.025M N i t r i c Acid + O.OIOM Amino Acid 
wi th G02-free NaOH a t 35 + 0.1°C and I = 0.5M(KN0,) whi le t h e 
?6 
v a l u e s f o r 2 , 2 ' - - b i p y r i d y l were taken from l i t e r a t u r e 
RESULTS AND DISCUSSION 
P r o t o n a t i o n Cons t an t s of Free Ligands 
P r o t o n a t i o n c o n s t a n t s f o r g l y c i n e , DL-a -a l an ine , DL-va l ine , 
( - - l euc ine , DL-ser ine and DL-methionine were c a l c u l a t e d from t h e 
p H - t i t r a t i o n d a t a unde r t h e c o n d i t i o n s i d e n t i c a l wi th t h o s e used 
f o r b i n a r y and t e r n a r y systOTis and a re d e p i c t e d i n Table 2 . 1 . 
For 2 , 2 ' - b i p y r i d y l t h e v a l u e s g iven were t a k e n from l i t e r a t u r e . 
The s t epwise p ro ton a s s o c i a t i o n c o n s t a n t s f o r f r e e l i g a n d s 
( e q u i l i b r i a (1) and ( 2 ) ) were determined by R o s s o t t i and R o s s o t t i 
27 
method 
'Cl, yh/fa^,. 
T a b l e 2 . 1 : P r o t o n a t i o n C o n s t a n t s of L i g a n d s . 
t = 35°G, I = 0.5M(KN0^). 
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Equi l ibr iTom 
l o g K 
P r e s e n t work L i t . v a l u e s 
H + GL : ^ 
H"^  + AL" ; ^ 
- H(GL) 
^ H(AL) 
H"*" + VL" ^ -" H(AL) 
H"^  + LE" ^ •" H(LE) 
H^ + SR" 
H"^  + MT" 
H + BP :;^ 
H(SR) 
H{MT) 
H(3P)"^ 
H"^  + H(BP)"^;s=^ H2(BP)^'^ 
H + IM ±1 H(IM)"^ 
9 . 5 5 . 
9 . 7 0 
9 . 5 1 
9 .60 
9 .00 
9 . 0 6 
4 . 4 0 ^ 
2 . 8 0 ^ 
7 . 1 0 
9 . 6 9 ^ , 9 . 3 7 ^ , 9 . 4 4 ^ 
9 . 7 5 ^ , 9 . 5 2 ^ 
9 . 5 4 ^ , 9.22^^ 
9 . 6 2 ' 
9 . 0 6 a 
8 .926®, 9 . 1 5 ^ 
6 . 9 3 ^ , 7 . 1 2 5 ^ 
a — R e f . 2 8 ( t 
c — R e f . 4 ( t 
e—Ref. 31 ( t 
g — R e f . 2 6 ( t 
i — R e f . 34 ( t 
25°G, I = 0.51^0 
= 35 C, I = 0.2M) 
= 30°G, I = O.IM) 
= 25°C, I = l.OM) 
25°C, I = 0.5M) 
b — R e f . 2 9 ( t = 35°C, I = O. IM) ; 
d—Ref. 30 ( t = 20°C, I = l .OM); 
f - _ R e f . 3 2 ( t = 25°C, I = O. IM); 
h—Ref . 33 ( t = 35°C, I = 0 .15M) ; 
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% , THX] 
H + X T H - ^ H X ; K„ = — (1) 
'H 1 [H][X] 
h ' [H][HX] H + HX ^ ^" HgX; Kjj^  = ^-77—7 (2) 
(For the sake of c l a r i t y , the charges are iDeing omi t ted) . The 
average number of protons attached per l igand was calctLLated 
by the equation 
°H = 
(Vj_ - V2)(B(, + N) 
^^x^ ( V o ^ v J WT^ ( " 
The deprotonation curves p lo t t ed between n-a and corresponding 
pH values for glycine and alanine are shown in F igs . 2 .1(a) 
and (b ) , r e spec t i ve ly . Similar curves were obtained for va l i ne , 
l euc ine , ser ine and methionine. I t i s evident from Figs.2.1(a) 
and (b) tha t two proton- l igand complexes are formed in two 
d i s t i n c t buffer r eg ions . Therefore, the values of KTT and K^ 
were computed in two completely separate ranges of pH ass\iming 
tha t only one complex i s formed in each region by using the 
r e l a t i o n s h i p 
r = _ (4) 
^ ( l - H j j ) [ H ] 
The average value of Kjj ca lcu la ted in higher pH region gave 
the f i r s t piwton assoc ia t ion constant for the free l igands 
H H I 
OTgL=0.005M 
A TQL 0.010M 
9 10 11 12 
Fig.2.1(a):Deprotonation curve for GL at 35'C ar^ d I--0.5M (KNO3). 
Hul 
10 11 12 
Fig.2.1 (b):Deprotonation curve for AL at 35 C and h0.5M(KNOj). 
n H 
0 1 
A TiM= 0.024 M 
2 3 Z, 5 6 7 8 9 
PH 
Fig. 2.2:Deprotonation curve for IM at 35°C and I =0.5 M (KNO^) 
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(g iven in Table 2 ,1 ) and t h a t in t h e lower r eg ion gave t h e 
s t epwise a s s o c i a t i o n oons t an t f o r t h e a d d i t i o n of second 
p ro ton t o l i g a n d - p r o t o n complex. 
Binary Systems 
I t ha s been imphasized to de te rmine t h e fo rma t ion c o n s t a n t s 
f o r b i n a r y systems under t h e c o n d i t i o n s i d e n t i c a l wi th those 
35 
used f o r t e r n a r y systems . The v a l u e s ob t a ined f o r t h e s i n g l e -
l i g a n d system a re used i n t h e c a l c u l a t i o n of t h e format ion 
c o n s t a n t s f o r t h e t e r n a r y complexes o r may be compared wi th 
r e s u l t s of t h e mixed system. The format ion c o n s t a n t s of 
complexes of C d ( l l ) with amino a c i d s (AA) and 2 , 2 ' - b i p y r i d y l ( B P ) 
were de termined s e p a r a t e l y by t h e method of DeFord and Hume 
under i d e n t i c a l c o n d i t i o n s . 
The r e d u c t i o n of Cd( I I ) ion gave a s i n g l e we l l de f ined 
wave i n absence and p resence of l i g a n d s (amino a c i d o r b i p y r i d y l ) 
An i n c r e a s e i n the l i g a n d c o n c e n t r a t i o n s h i f t e d t h e ha l f -wave 
p o t e n t i a l of C d ( l l ) ion t o more n e g a t i v e v a l u e s i n d i c a t i n g t h e 
complex format ion between C d ( I l ) ion and t h e l i g a n d . The 
c u r r e n t v o l t a g e curves of t h e meta l i on i n p resence and absence 
of l i g a n d s a r e r e v e r s i b l e and d i f f u s i o n c o n t r o l l e d a s s l o p e s 
of p l o t s log [ i / ( i j - i ) ] v s . B, ^ were always i n the range of 
"• u. • e • 
(30+4)mV. 
8i 
In case of amino acid as l igand, the pH was adjTisted with 
KOH. The t o t a l concentra t ion of amino acids var ied "between 
(0.83-4.00)xlO~M. The complexes of Cd(II) with amino acids 
were studied in the pH range 7-10.5. 
The complexes of 2 , 2 ' - h i p y r i d y l have been s tudied in the 
pH range 3-6 and the pH was adjusted with n i t r i c ac id . 
The concentra t ion of unprotonated or free l igand was 
ca lcula ted from the pH and the t o t a l amount present using the 
appropr ia te pK values . 
The experimentally found dependence of the s h i f t of Ei of 
Gd(II) ion on the logari thms of the equil ibr ium concentrat ion 
for Cd(Il)-ajnino acid and Cd( I I ) -2 , 2'-bipyrld.y]L 
of amino acids and \inprotonated 2,2 '-bipyridyly(systems, respec-
t i v e l y , i , e . , A E i v s . log [X], i s not l i n e a r , vdaich, as i s known, 
r e f l e c t s stepwise complexation. The p l o t s of AEi v s . log [X] 
for Cd(II)-amino acid and - 2 , 2 ' - b i p y r i d y l systems are shown in 
Fig. 2 . 3 . The experimental data were processed by the graphical 
method of DeFord and Hume and the r e s u l t s obtained are given in 
Tables 2 . 2 - 2 . 8 . 
The equation used a t constant i on i c - s t r eng th i s 
FQ(X) = an t i log J Q ' ^ g f nF ^ ^ ^ ^ ^^^ I g j 
= 1 + P3_[X] + ^JilLf + . . . + Pj^ [x f (5) 
• ZA I3 V'SA[X]6oi ^0 S|0id:e7 6!d 
(A)'^'3 V 
iuua^sA^ 
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F.(X) plots for Gd(II)-amino acid and - 2,2'-bipyridyl 
systems are shown in Pigs.2.4-2.10. 
All the amino acids except methionine and 2,2'-bipyridyl 
formed three complexes with Gd(ll) ion, i.e., Cd(AA) , 0d(AA)2» 
Gd(AA)^ and Gd(3P)^^, Gd(BP)2'^, GdCBP)^"^. With methionine, 
only two complexes, viz. Gd(AA) and GdCAA)^* were formed. 
The polarographic data can be explained in terras of 
equilibrium reactions for each ligand as follows: 
[Gd(AA)] 
Gd + AA : i = ^ Gd(AA); p, ^ T = (6) 
1°^ [CdlfAA] 
Gd + 2AA 
[Gd(AA)p] 
=:^Gd(AA)p; Pn np = H ^^^ 
2 ^^2 [cd][AA]2 
[Gd(AA)^] 
Gd + 3AA ^ ^ ^ G d ( A A ) , ; Pn n^ = ^ ^^ ^ 
^ ^^^ [Gd][AA]^ 
[Gd(BP)] 
Gd + BP ^ ^ Gd(BP); PTTO = (9) 
•^ °^ [Gd][BP] 
[Gd(BP).] 
Gd + 2BP ^  ^ Gd(BP)^; pn on = % (10) 
2 ^2° [Gd][BP]^ 
[Gd(BP),] 
=±Gd(BP); Pn^o = ^ (11) 
3 ^^° [Gd][BP]^ 
Gd + 3Br 
The overall stability constants for the reactions (6-11) are 
given in Table 2.9. 
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Fig.2.5'. Analysis of R functions for CddD'AL system. 
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Table 2 .9 : The Overall S t a b i l i t y Constants of Binary Complexes 
of C d ( l l ) . 
t = 35°C, I = 0.5M(KN0^). 
Equilibrium 
Present work 
l o g |3 
L i t . v a l u e s 
Gd^"^ + GL" 
Cd^ "*" + 2GL' 
Gd^ "*" + 3GL' 
Cd^ "*" + AL' 
Cd^^ + 2AL" 
Cd^^ + 3A1" 
Cd'^'^ + VL' 
Cd^"^ + 2VL" 
Gd^"^ + 3TL' 
Gd^"^ + LB" 
Gd^"^ + 2LE" 
Gd^"^ + 3LB" 
2+ 
Gd^"^ + 2SR" 
Gd^"^ + 3SR" 
Cd^"^ + MT" 
Gd^"^ + 2MT" 
Gd^^ + BP 
Gd^"^ + 2BP 
Gd^"^ + 3BP 
+ Gd(GL) 
Gd(GL)2 
Od(GL^" 
Gd(AL)" 
Cd(AL)2 
Gd(AL)^ 
CdCVL)"^ 
Gd(VL)^ 
Gd(VL); 
^ ^ Gd(LE)"^ 
^ = ^ G d ( L E ) 2 
^ = ^ O d ( L E j ^ 
; ^ = ^ C d ( 3 R ) ' ^ 
^ ^ Gd(SR)2 
>. •" Gd(SR)^ 
^ -" Gd(MT)^ 
Cd(MT), 
Gd(BP: 
Gd(BP) 
Gd(BP) 
^2+ 
2+ 
2 
2+ 
4.45 
6.Q6 
9.39 
4.18 
6.72 
9.06 
3.65 
6.01 
8.06 
3.84 
6.32 
8.51 
4.15 
6.67 
8.82 
3.78 
6.50 
4.60 
7.30 
9.83 
•a b 4.26^, 4.31 , 4.18^^ 
7.85^, 7.92^, 7.20^ 
10.07^, 10.06^, 9.95° 
4 .20° , 4.40*^ 
7.30°, 7.40^^ 
9.80°, 9.50^ 
3.88® 
6.48® 
8.14® 
5.00^ 
7.30^ 
9.36^ 
4 .00° , 4.69^, 4.00^ 
7.10°, 6.77^, 7.15^ 
9.30°, 8.85^, 9.22^ 
3.88^, 3.81^ 
6.99^, 6.24"-
4.50-^ 4.43^ 
8.00-'', 7.36^ 
10.50'^ 10 .81^, 10.47-'-
.8 
Table 2 .9 cont inued 
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Equ i l i b r ium 
log 13 
P r e s e n t woric L i t . v a l u e s 
Gd^ "^  + IK — 
Cd^ "*" + 2IM : ^ 
Cd "^^  + 3IK ;^ 
Cd^ "^  + 4IK 
Gd(IM) 
Gd(lM) 
Cd(IM) 
Gd(IM) 
2+ 
2+ 
2 
2+ 
3 
2+ 
4 
2.60 
4 .68 
5.77 
6 .51 
2.62°^, 2 .718^ , 2 .76° 
4.65"^, 4 .740^ , 4 .87° 
6.20™, 6.32° 
7.15^^, 7 .49° 
a—Ref. 4 ( t 
c—Ref.3 8 ( t 
e—Ref. 3 ( t 
g ~ R e f . 4 0 ( t 
i—Ref .42 ( t 
k—Ref.44 ( t 
m—Ref.33 ( t 
o—Ref.46 ( t 
35°C, I 0.2M); b—Ref .37 ( t 
l .OM); d—Ref. 7 ( t 
0.5M); f _ R e f . 3 9 ( t 
0.5M); h—Ref. 41 ( t 
l .OM); j—Ref . 43 ( t 
l .OM); 1—Ref.45 ( t 
= 35°C, I = 0.15M); n—Ref. 34 ( t 
0.5M). 
= 30°G, I = 
= 23°G, I = 
= 25°C, I = 
= 30°C, I = 
= 25°C, I = 
30"C, 
30°C, 
30°G, 
25°G, 
25°G, 
25°G, 
25°C, 
I 
I 
I 
I 
I 
I 
I 
= 0.3M); 
= 0.3M); 
= l.OM); 
= 0.15M); 
= O.IM); 
= O.IM); 
= 0.5M); 
= 25 G, I = 
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Ternary Systems 
The mixed l i g a n d systems were s t u d i e d by keeping t h e 
c o n c e n t r a t i o n of amino ac id cons t an t whi le va ry ing t h a t of 
second l i g a n d ( 2 , 2 ' - ' b i p y r i d y l , pH 8 . 5 - 9 . 5 ) . 
The c o n c e n t r a t i o n of b i p y r i d y l was v a r i e d in t h e range 
(0 .5-6 .0)xlO~^M. 
On i n c r e a s i n g t h e c o n c e n t r a t i o n of b i p y r i d y l t h e ha l f -wave 
p o t e n t i a l s h i f t e d towards more n e g a t i v e v a l u e s and s h i f t s were 
always g r e a t e r than t h o s e observed fo r s imple sys tems . The 
v a r i a t i o n s i n t h e ha l f -wave p o t e n t i a l s of Cd( I I ) ion as a 
f u n c t i o n of [BP] a t two f i xed c o n c e n t r a t i o n s of each amino ac id 
47 
a r e g iven i n T a b l e s 2 . 1 0 - 2 , 1 5 . Schaap and McMasters* method 
was used t o determine t h e o v e r a l l s t a b i l i t y c o n s t a n t s f o r t he 
t e r n a r y sys t ems . The equa t i on u t i l i z e d a t cons t an t i o n i c -
s t r e n g t h i s , 
FQQ(AA, BP) = a n t i l o g | ^ ^ ^ i | | 2 - n l ^ s ^ + i^g h ,• 
= A + B [BP] + C [BP]' (12) 
where 
A = 1 + h m r^"] + Pin9 [^^r + h n ^ [AA] 102 '103 
^ = PllO "• P i l l t^^^ + P l l 2 t^^^' 
C = ^120 + ^121 f^^"] (13) 
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Fig.2.12:Analysis of Fj^functions for Cd(II)-GL-BPsystem, 
[GL'] = 5.019X10'^M. 
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Fig.2.13:Analysis Of FjQfunctions for Cd(II)-AL-BP system, 
[AL'] = 2.37^Xld^M. 
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Fig.2.2r.Analysis of Fj^f unctions for Cd(II)-MT-BP system, 
[MT"] = 7.3^6Xld^M. 
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Fig.2.2 2:Analysis of FJQf unctions for Cd(II)-MT-BP system, 
[MT"]=16.929Xld^M. 
105 
where P^or '^ ^^^ ^D 0*^ "^"^ ^ ^^® binary s t a b i l i t y constants of 
the simple metal complexes with amino acids and b ipy r idy l , 
r e spec t ive ly ; P-i-i-i » P112 ^^^ ^121 ^^^ ^^® overa l l s t a b i l i t y 
constants for the formation of the t e rna ry complexes Gd(AA)(BP) , 
Gd(AA)2(BP) and Gd(AA)(BP)2, r e spec t ive ly . The values of A,B,C 
have been determined g raph ica l ly (cf. F igs .2 .11 -2 .22 ) . Value 
of A was calcula ted using the s t a b i l i t y constants for Gd(II)-AA 
binary system and fixed value of [ A A ] . In order to calcxilate 
two unknowns, P]_n]L ^^'^ ^112' ^^° d i f ferent values of B were 
obtained from the P . Q ( X , Y ) curves p lo t ted at two d i f fe ren t 
concentrat ions of amino ac ids . The value of P-i 21 ^^^ d i r e c t l y 
ca lcula ted from r e l a t i o n (13) using the foirmation constant p-ion 
for Cd(lI)-BP binary system. The values of overa l l s t a b i l i t y 
constants obtained for Gd(II)-AA-BP te rna ry systems are given 
in Table 2.16. 
P ig .2 .23 shows a diagramatic r epresen ta t ion of the d i f fe ren t 
poss ib le e q u i l i b r i a involved in the Gd(II)-amino ac id-b ipyr idy l 
systems. Log values of formation constants for the e q u i l i b r i a 
represented by Fig .2 .25 are given in Table 2.17. 
There are two ways to charac te r ize q u a n t i t a t i v e l y the 
tendency to form mixed-ligand complexes in so lu t ion . In the 
f i r s t approach, the s t a b i l i t y of mixed-ligand complexes can be 
compared with tha t of simple complexes involved in mixed ligand 
fonnation. For coordination of two b iden ta te l igands with 
108 
Table 2.16: The Overall Stability Constants of Ternary G(i(II)-Amino 
Acid-2,2'-Bipyridyl Complexes. 
t = 35°C, I = 0.5M(KN0^). 
Equilibrium 
log p 
Present work L i t . values 
cd^ -^  
cd^ -^  
Cd2+ 
cd^ -^  
cd^ -^  
Cd2+ 
cd^ -^  
Cd2+ 
cd^ -^  
cd^ -^  
cd^ -^  
Cd2+ 
Cd^^ 
Cd2+ 
cd^ -^  
cd^ -^  
Cd2+ 
Cd2+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
GL" 
2GL" 
GL" 
AL~ 
2AL" 
AL~ 
VL" 
2VL" 
VL" 
LE~ 
2LB'' 
LE~ 
SR-
2SR" 
SR" 
MT~ 
2MT~ 
MT~ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
a"*'-Ref.l9 (t = 
BP 
B P ^ 
2BP ;^ 
B P ^ 
B P ^ 
2BP ;^ 
B P ^ 
B P : ^ 
Gd(GL 
Cd(GL 
Cd(GL 
Cd(AL 
Cd(AL 
Cd(AL 
Cd(VL 
r r ^ Cd(VL 
2BP ^ ^ Cd(VL 
BP ^ '^  Cd(LE 
BP ^ "^  Cd(LE 
2BP .,^. ^ Cd(LE 
B P ^ - ^ C d ( S R 
BP :z; ^ Cd( 3R 
2 B P . ^ '^  Cd(SR 
BP : ^ = ^ C d ( M T 
BP .y.. ^ Cd(MT 
2BP ^ "^  Cd(MT 
(BP) + 
2(BP) 
(BP)^ 
(BP)-" 
2(BP) 
(BP)J 
(BP)"' 
2(BP) 
(BP)^ 
(BP) + 
2(BP) 
(BP)^ 
(BP)-" 
2(BP) 
(BP)J 
(BP) + 
>(BP) 
(BP) + 
8 . 1 5 
1 0 . 5 3 
1 0 . 1 7 
7 . 8 1 
1 0 . 0 5 
1 0 . 1 4 
6 . 9 8 
9 . 2 1 
9 . 3 3 
7 . 1 5 
9 .66 
9 . 9 5 
7 . 6 7 
9 . 8 4 
1 0 . 0 4 
7 .37 
9 . 7 0 
1 0 . 0 8 
3 . 9 7 ^ , 4 . 2 0 ^ 
3.72^, 4.05^ 
3 . 8 1 
3 . 9 3 
3 . 7 6 ' 
3 . 8 9 
 30°C, I = O . IM) ; b"*"-Ref. 23 ( t = 30°C, I = 0.2M) 
Cd(BP) 2+ 
•«• ^°^ ^Cd(BP)(AA)"' 
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Table 2.17: Log Values of Formation Constants for Equ i l ib r i a 
Sho-wn Diagramtically in F ig ,2 .23 . 
Equ i l i b r ium 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
1 8 
19 
20 
GL 
-
-
-
4 .45 
2.52 
2 .43 
8.15 
3.55 
3.70 
10 .17 
2.02 
0 .85 
2 .87 
0 .35 
10 .53 
1.19 
2 .38 
3.57 
1.14 
0.36 
Amino Acid(AA) 
AL 
-
-
-
4.18 
2.54 
2.34 
7 .81 
3 .21 
3 .63 
10 .14 
2.33 
0 .51 
2.84 
0 .31 
10 .05 
1.09 
2 .24 
3.33 
1.00 
0 .09 
VL 
-
-
-
3.65 
2.36 
2.05 
6 .98 
2 .38 
3 .33 
9.33 
2 .35 
- 0 . 3 2 
2 .03 
- 0 . 4 9 
9 .21 
0 .97 
2 .23 
3.20 
1.16 
- 0 . 1 2 
LE 
-
-
-
3.84 
2 .48 
2.19 
7.15 
2 .55 
3 .31 
9.95 
2.80 
- 0 . 1 5 
2 .65 
0 .13 
9.66 
0 .83 
2 .51 
3.34 
1.15 
- 0 . 2 9 
SR 
-
-
-
4 .15 
2 .53 
2 .14 
7 .67 
3.07 
3 .53 
10.04 
2.36 
0 .37 
2 .74 
0 . 2 1 
9.84 
1.00 
2.17 
3 .17 
1.03 
- 0 . 1 9 
MT 
-
-
-
3.78 
2.72 
— 
7.37 
2 .77 
3.60 
10 .08 
2.70 
0 .07 
2.77 
0 .25 
9.70 
0 .87 
2 .35 
3.20 
— 
- 0 . 3 7 
BP 
4.60 
2.70 
2.52 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
108 
s o l v a t e d Gd(II ) i o n s , t he fo l lowing e q u a t i o n s may be w r i t t e n ; 
P^ ^ [Cd(AA)-'] 
Gd"^ "^  + AA" > Cd(AA) ; K^ = 2^_ 
[Cd^-'][AA-] 
7^ 24- [Cd(BP)2+] 
Cd"^ "^  + BP •^Qd(BP)'^^; K^ = 5 - (14) 
^ [Gd2"'][BP] 
[Cd(AA)(BP)-'] 
Gd(AA) + BPTr-^Gd(AA)(3P)"^; K ^ = r 
^ [Gd(AA)'*"][BP] 
p. . [Gd(BP)(AA)'*'] 
Cd(BP)'^ "*" + AA~ ^ ^ ^ ^ Cd(BP)(AA) ; K^^ = ^ -
^^ [Gd(BP)2'"]rAA~] 
For l a b i l e complexes i n s o l u t i o n t h e mixed complexes Gd(AA)(BP) 
and Gd(BP)(AA) shotild be cons ide red i d e n t i c a l . In such case 
log K ]^^ 2. ~ ^°^ ^YX ~ •^^^ ^X ~ •'"°^ %Y " ^ ° ^ ^Y 
= log p-L-L3_ - ( l og p^Q^ + log P^3_Q) (15) 
Equat ion (15) r e p r e s e n t s t h e fo l lowing equi l ibr ixim 
[Gd(AA) + ] + [Gd(BP)2 '^]^=±[Gd(AA)(BP)-^] + [Gd^"^] (16) 
R e l a t i o n (15) can be g e n e r a l i z e d fo r any complex %X Y^ as 
A log K^^^ = log P3_q^ - ( log P3_Q^ + log P3_qQ) (17) 
The c a l c u l a t e d v a l u e s of A log K f o r Gd(II)-AA-BP t e r n a r y 
systems a r e g i v e n in Table 2 , 1 8 . The s t a t i s t i c a l v a l u e f o r 
Table 2 . 1 8 : Values of AlogK, logX, logK and logK fo r 
ILL o 
Gd(II)-Amino Acid-2,2'-Bipyridyl Systems, 
t = 35°C, I = 0.5M(KN0^). 
m 
Complex s p e c i e s 
Gd(GL)(BP)"^ 
Gd(GL)2(BP) 
Cd(GL)(BP)2 
Gd(AL)(BP)^ 
Gd(AL)2(BP) 
Cd(AL)(3P)2 
Gd(VL)(3P)"^ 
Gd(VL)2(BP) 
Cd(VL)(BP)2 
Gd(LE)(BP)"^ 
Gd(LE)2(3P) 
Gd(LE)(BP)2 
Cd(SR)(BP)'^ 
Gd(SR)2(BP) 
Cd(SR)(BP)2 
Gd(MT)(BP)'*' 
Cd(MT)2(BP) 
Gd(MT)(BP)2 
A l o g K 
- 0 . 9 0 
- 1 . 0 3 
- 1 . 5 8 
- 0 . 9 7 
- 1 . 2 7 
- 1 . 3 4 
- 1 . 2 7 
- 1 . 4 0 
- 1 . 6 2 
- 1 . 2 9 
- 1 . 2 6 
- 1 . 1 9 
- 1 . 0 8 
- 1 . 4 3 
- 1 . 4 1 
- 1 . 0 1 
- 1 . 4 0 
- 1 . 0 0 
logX 
2 . 0 4 
2 . 9 8 
1 .46 
1 .60 
2 . 2 0 
1 .70 
0 . 6 5 
1 .68 
0 . 2 7 
0 . 6 8 
2 . 1 3 
1 .68 
1 .37 
2 . 0 5 
1 .64 
0 . 9 4 
-
-
° m 
1 .02 
0 . 9 9 
0 . 4 9 
0 . 8 0 
0 . 7 3 
0 . 5 7 
0 . 3 2 
0 . 5 6 
0 . 0 9 
0 . 3 4 
0 . 7 1 
0 . 5 6 
0 . 6 8 
0 . 6 8 
0 . 5 5 
0 . 4 7 
-
-
logK^ 
0 . 7 2 
0 . 5 1 
0 . 0 1 
0 . 5 0 
0 . 2 6 
0 . 0 9 
0 . 0 2 
0 . 0 8 
- 0 . 3 9 
0 . 0 4 
0 . 2 3 
0 . 0 8 
0 . 3 8 
0 . 2 1 
0 . 0 7 
0 . 1 7 
-
-
li:^  
c o o r d i n a t i o n of two d i f f e r e n t b i d e n t a t e l i g a n d s f o r an o c t a h e d r a l 
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c o o r d i n a t i o n sphere i s - 0 . 4 log vmi t s . Higher n e g a t i v e v a l u e s 
ofAlogK f o r 1 :1 :1 Gd(II ) -amino a c i d - b i p y r i d y l complexes sugges t 
t h a t t h e mixed complex s p e c i e s i s l e s s s t a b l e t h a n the s imple 
1:1 complexes. 
In the second approach, the stability of 1:1:1 mixed complex 
is compared with those of the pure 1:2 metal : ligand binary 
complexes. In addition to the reaction (14) two more reactions 
are to be considered: 
, [Cd(AA)p] 
Cd(AA) + AA" ; ^ = ± r C d ( A A ) ^ ; K^^ = r — 
^ ^ [Cd(AA)"^][AA-] 
P, P, [Cd(BP)^^] 
CdCBP)^ "*" + BP '" Cd(BP)^"^; K, ^ 
^ [Cd(BP)2+][BP] 
The mixed complex Cd(AA)(BP) may be viewed as formed from t h e 
1:2 b i n a r y complexes accord ing t o 
[Cd(AA)2] "" [Cd(BP)| '^] ^ = i 2 [ G d ( A A ) ( B P ) ^ ] ; 
[Gd(AA)(BP)^]2 
][ _ 
^^^ [Gd(AA)2][Cd(BP)|^] 
and 
(18) 
logX^-^-L = logZjQ- + logK^jj- - log^xX ~ losKyy 
•> A 1 i \ 
This approach can be extended to reactions 
MX^ + 2MY^ -^  3MXY2 
2MX^ + MY^ ^  3MX2Y 
logX^2i = 5 I0SP12I - ^^ ^°SPi30 + 1°SP-L03^ ^^-^^ 
The calcula ted values of logX, , , for Cd(II)-AA-BP te rna ry 
systems are l i s t e d in Table 2.18 which are a l l g rea t e r than 
the s t a t i s t i c a l values (values of ^logK^ and log^ ig r ' ^^^ 
other s i t ua t ions , may be l e s s but are always n e g a t i v e ) . This 
i n d i c a t e s tha t t he formation of 1:1:1 mixed complex i s favoured 
by the equil ibrium (18) . 
Rela t ive s t a b i l i t y of mixed complex with respect to the 
parent binary complexes can also be evaluated from the expression 
I [Cd(AA)p] -H I [Gd(BP)p]^=i=±[Gd(AA)j^(BP)^] (22) 
where m + n = p . 
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The mixing constant , K . i s given by 
K^ = [Cd(AA)^(BP)^]/[Cd(AA)p]°^/P[Cd(BP)pf/P 
_ R /ft m/p „ n/p 
- Pmn/POp PpO 
•i •* Q 
log K^ = log p ^ - S log PQP - I log Ppo (23) 
The s t a b i l i z a t i o n c o n s t a n t , K , f o r l i g a n d s of equa l d e n t i c i t y , 
i s given by 
log K^ = log K„ - l og 5 ^ (24) 
Thus, t h e format ion of 1 : 1 : 1 , 1 : 2 : 1 , and 1:1:2 t e r n a r y complexes 
can be cons ide red from t h e e q u i l i b r i a ( 2 5 ) , (26) and ( 2 7 ) , 
r e s p e c t i v e l y : 
I [Gd(AA)2] -^  2 [Gd(BP)2+]^=r:^[Cd(AA)(BP)- ' ] (25) 
log K^ = log p^^3_ - | ( l o g p^Q2 ^ ^ ° ^ ^120^ 
l o g Kg = l o g Kjjj - l o g 2 
I [Cd(AA)3] + I [Gd(BP)^" ' ]^=±: [Gd(AA)2(BP)] (26) 
log K^ = log p^ -L2 - 5^2 log p3_Q3 + log P]_3Q) 
log Kg = log K^ - log 3 
I [Gd(AA)3] + 1 [Cd(BP)^+]^=±[Cd(AA)(BP)p (27) 
log K^ = log p^2l - ^ (log Pi03 + 2 log P^^Q) 
log Kg = log K^ - log 3 
lU 
C a l c u l a t e d v a l u e s of log K_ and log K^ fo r 1 : 1 : 1 , 1 :2 :1 
Zu S 
and 1:1:2 complexes are listed in Table 2.18 for ternary 
systems. The positive values of mixing constants and stabili-
zation constants show that mixed complexes are relatively more 
stable than the simple complexes. 
The stability order of 1:1:1 ternary complexes, with 
respect to the primary ligand (amino acid), was found to be 
glycine >alanine >serine>methionine>leucine>valine. 
14 
CADMIUI4( II)-IMIDAZOLE-AMINO ACIDS ( o r 2 . 2'-BIPYRIDYL) SYSTEMS 
INTRODUCTION 
Mixed- l igand complexes c o n t a i n i n g imidazo le a s a l i g a n d 
a r e of c o n s i d e r a b l e i n t e r e s t because t h i s group i s p r e s e n t i n 
h i s t a m i n e and h i s t i d i n e and p rov ide b inding s i t e fo r t h e i n t r a -
a c t i o n of s e v e r a l p r o t e i n s wi th metal i o n s . B ina ry complexes 
of imidazo le and amino a c i d s w i t h t r a n s i t i o n metal i o n s have 
been s t u d i e d e x t e n s i v e l y and t h e i r s t a b i l i t y c o n s t a n t s were 
de termined by d i f f e r e n t methods. However, ve ry few s t u d i e s on 
t e r n a r y and qua t e rna ry complexes c o n t a i n i n g imidazo le have been 
50-64 
r e p o r t e d . We have c a r r i e d out d e t a i l e d s t u d i e s on t h e 
format ion e q u i l i b r i a of b i n a r y and t e r n a r y complexes of cadraium(ll) 
with imidazo le as a p r imary l i g a n d and g l y c i n e , DL-ct-alanine, 
DL-va l ine , -6 - l euc ine , DL-se r ine , DL-methionine and 2 , 2 ' - b i r ) y r i d y l 
a s secondary l i g a n d s by polarograT)hic method. 
EXPERIMENTAL SECTION 
Stock s o l u t i o n of imidazole (BDH, Poole , England) was 
p repared by d i s s o l v i n g c a l c u l a t e d and a c c u r a t e l y weighed amount 
i n doubly d i s t i l l e d w a t e r . The s o l u t i o n was s t a n d a r d i z e d wi th 
s t anda rd n i t r i c ac id by p H - t i t r a t i o n . 
:a;> 
All o t h e r d e t a i l s were t h e same as d e s c r i b e d e a r l i e r . 
The p r o t o n a t i o n cons tan t of imidazo le was determined by-
t i t r a t i n g the fo l lowing s o l u t i o n s 
( i ) 0.025M N i t r i c Acid 
( i i ) 0.025M N i t r i c Acid + 0.012M Imidazo le 
( i i i ) 0.025M N i t r i c Acid + 0.024M Imidazole 
wi th G02-free NaOH a t 35 + 0.1°C and I = 0.5M(KN0,). 
RESULTS AND DISCUSSION 
P r o t o n a t i o n Cons tan t s of Free Ligands 
Depro tona t ion curve r e l a t i n g t h e v a l u e s of n^ as f u n c t i o n 
of pH f o r imidazo le i s shown i n F i g . 2 , 2 . P r o t o n a t i o n cons t an t 
of imidazo le was determined from p H - t i t r a t i o n d a t a u s ing 
equa t i on ( 4 ) . The va lue of p r o t o n a t i o n cons t an t f o r imidazole 
was found to be 7.10 and i s g iven i n Table 2 . 1 . The p r e v i o u s l y 
de termined p r o t o n a t i o n c o n s t a n t s of amino a c i d s (Table 2 .1 ) have 
been used t o c a l c u l a t e the f r e e l i g a n d c o n c e n t r a t i o n s . 
B ina ry Systems 
Since b i n a r y systems of Cd( I I ) wi th amino acids(AA) and 
2 , 2 * - b i p y r i d y l ( B P ) have been d e s c r i b e d i n the e a r l i e r p a r t of 
t h i s c h a p t e r , we w i l l d e s c r i b e only t h e Cd( I I )~ imidazo le ( IM) , 
Cd(lI)-IM-AA and Cd(lI)~IM-BP t e r n a r y sys tems under the i d e n t i c a l 
c o n d i t i o n s . 
m 
The h a l f wave p o t e n t i a l of C d ( l l ) s h i f t e d t o more c a t h o d i c 
d i r e c t i o n w i th an i n c r e a s e i n imidazo le c o n c e n t r a t i o n . The 
c u r r e n t - v o l t a g e ciirves of the meta l ion were r e v e r s i b l e and 
d i f f u s i o n c o n t r o l l e d both i n p resence and absence of l i g a n d . 
The G d ( I I ) - i m i d a z o l e complexes were s tud ied a t f ixed 
pH(8 .00 ) . The pH of t h e s o l u t i o n s was a d j u s t e d with HNO^ and 
t h e c o n c e n t r a t i o n of imidazo le v a r i e d i n t h e r ange (0 .02-0 .50)M. 
The c o n c e n t r a t i o n of unp ro tona t ed imidazo le was c a l c u l a t e d from 
t h e pH and t h e t o t a l c o n c e n t r a t i o n us ing pK = 7 . 1 0 . The p l o t 
of A E I V S . log[X] ( F i g . 2 . 2 4 ) was n o n - l i n e a r showing t h e s t e p -
wise complexat ion f o r C d ( I I ) - i m i d a z o l e system. S t a b i l i t y 
c o n s t a n t s were e v a l u a t e d by DeFord and Hume's method ( F i g . 2 . 2 5 ) 
and t h e r e s u l t s a r e g iven i n Table 2 . 1 9 . 
Gadraium(ll) formed four complexes with i m i d a z o l e , i . e . , 
CddM)^"^, Gd(lM)^+, Cd(lM)^"^ and CddM)^"^. 
The p o l a r o g r a p h i c da t a can be e x p l a i n e d in terras of 
e q u i l i b r i u m r e a c t i o n s fo r G d ( l I ) - i m i d a z o l e system as fo l l ows : 
2+ P4. [Cd(lM)2+] 
1°1 [Gd2-*-][lM] 
Cd "^^  + 2IM ^ = ^ G d ( l M ) 2 + . Q = I ^ ^ i l ! ! l 2 _ i (29) 
"^  ^ 1 0 2 . 2 + T r -i2 
[Gd'^^][lM]^ 
2^r 
1.5 
0^1.0[ 
o 
0.5 
0' 0.05 0.10 
A E. (V) 
0.15 0.20 
Fig.2.2/.:Plots of log [X] vs. A Eu. 
B 
<D 
•P 
CQ 
>i 
CO 
<y 
H 
o N 
03 
-cJ 
•H 
6 H 
1 
M 
M 
v_--
Ti 
o 
M 
o 
(C 
•P 
cfl 
fi 
o 
•H 
^ ft 
Cfl 
M 
O 
tin 
u 
a H 
O 
CM 
(D 
> 
•H 
-P 
a 
+5 
g (Q 
Q) 
M 
Pi 
0) 
rt 
• • 
<Ti 
H 
• CM 
0) 
H 
-o 
03 
EH 
« 
^ — V 
K^ 
O 
C-
^ 
• 
o 
It 
M 
Vk 
o 
o t n 
t ^ 
tl 
-p 
«^  S 
"* 1 
o H 
M 
irN 
II 
1—1 
+ C\J 
•cf 
o 1 1 
o 
o 
H ra 
O 
I 
O 
H 
X 
ITv 
I 
o 
P^  
O 
CV' 
P4 
I 
O 
H 
H 
I 
O 
H 
O 
o 
to 
H 
o 
H 
^ |oK-^ 
<i 5 
C\J 
o 
H 
I—I 
CM 
O 
H '— 
"^ 5 
*^^  
H 
00 
KD 
t<y 
00 
LH 
" ^ 
c^  
c--
cn CO 
VD 
00 
lf\ 
C\J 
t<^ 
00 
c-
'5^ 
o 
as 
o 
-<*-
00 
o 
o 
00 
c~-
o 
t ^ 
00 
CM 
in 
CJ 
C>J 
o 
CV K^  KN t A 
C7^  
cr^  
vo 
-^ 
' ' t 
ir\ 
c-
H 
o 
H 
00 
CM 
"<* 
o 
vX) 
lA 
H 
CO 
'Sl-
00 
O 
tA ^^ ^^ ^ 
O 
00 
CM 
H 
tA 
o 
cr^  
t A CM (<^ t A CM 
CM 
O CM 
CM CM 
i n 
H H 
00 
00 
O 
LPv in m 
o 
in 
in 
in 
CM 
in 
C O O O O O O O O O C O O D O O O O O O 
in 
o CM 
- ^ 
VO 
VO 
VO 
i n 
t > 
o 
t>-
CJ^  
CM 
in 
00 
tn to, 
o in 
CM 
as 
CM 
o 
H 
CM 
H 
n^ 
o 
CTN 
a\ 
o 
H 
H 
o 
H 
n^ 
H 
in 
in H 
H 
i n 
CO 
H 
tn 
o 
H 
CM 
00 
CT> 
cr> 
H 
o 
i n 
o 
o 
t n 
o 
i n 
tn 
o 
t n 
CM 
H 
o 
H 
H 
H 
H 
CT^ 
H 
00 
00 
CM 
CM 
O 
^ 
00 
00 
tn 
o 
i n 
vo 
O 
CM 
>XI 
t n 
H 
CM 
H 
o 
H 
CM 
t n 
CM 
vo 
O : 
i n 
H 
t n 
t n 
vo 
vo 
tn 
o 
t n 
i n 
00 
oo 
H 
CTi 
CM 
VD 
H 
CO 
H 
tn 
o 
H 
vo 
o 
•si-
C--
O 
vo 
i n 
O 
CTi 
vo 
o 
i n 
vo 
o 
-5t-
f-
o 
t n 
00 
o 
tn 00 
o 
t n 
CO 
o 
n j 
cri 
O 
CM 
i n 
vo 
tr-
O 
as 
CO 
CTi 
00 
o H 
"5J-
H 
H 
CVJ 
CM 
H 
CM 
t n 
H 
O 
• " ^ 
H 
CM 
i n 
H 
cn 
i n 
H 
O 
00 
CM 
o 
o 
CT> 
i n 
i n 
O 
o 
as 
t n 
CO 
o 
o 
00 
H 
H 
H 
O 
O 
00 
CT^ 
t n 
H 
o 
o 
00 
vo 
H 
O 
O 
i n 
CTi 
H 
o 
o 
vo 
H 
i n 
CM 
O 
O 
vo 
o tn 
o 
o 
H 
C7^ 
t n 
o 
o 
Tl-
O 
O 
00 
t n 
H 
t n 
as 
CM 
vo 
i n 
a>> 
as 
i n 
CM 
H 
i n 
H 
CT> 
00 
H 
tn 
o 
CM 
CM 
t n 
t n 
CO 
CM 
tn 
vo 
t n 
o 
• 5 1 -
t n 
o i n 
117 
in 
• o 
h 
"our •^b'o 
2 3 
[ r M ] X l O ( M } 
4 
F)g.2.25:Analysis of F j funct ions for C d d D - l M system. 
118 
p. ,+ [Cd{IM)^*] 
Od'^ * + 5IM ^ "^  Cd(IM), ; p , „ , = , - — i - ^ (30) 
' ' '^^°^ ' [Cd2+]riM]' 
Od2- . 4IM ^ =^Cd(IM)f , p,o, = ^ ^ ? T ] 7 ^ ' ' ^ ' 
The overa l l s t a b i l i t y constants for the reac t ions 28-51 are 
l i s t e d in Table 2 .9 . In a l l these complexes, imidazole acts 
as a monodentate l igand in the pH and concentrat ion range 
employed. 
Ternary Systems 
Ternary systems of Cd(Il) with imidazole and amino acids 
or 2 , 2 ' - b i p y r i d y l have been studied by keeping the concentration 
of imidazole constant while varj'-ing tha t of amino acids or 
b ipyr idy l . 
An increase in the concentra t ion of secondary ligand shif ted 
the half-wave po ten t i a l of Cd(II) to more negat ive d i r e c t i o n s . 
The s h i f t s were always g r e a t e r than those for binary systems 
containing the same concentrat ions of imidazole and amino acid 
or b ipyr idy l . The changes in half-wave p o t e n t i a l s of Cd(l l) 
ions as a function of free concentra t ion of amino acid or 
b ipyr idyl at th ree fixed concentra t ions of imidazole are l i^stei 
in Tables 2 .20-2.26. The overa l l s t a b i l i t y constants for the 
t e rna ry systems were determined by Schaap and McMasters' method. 
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Fig.2.29:Analysis of Fj-Qfunctions for C d d D - I M - A L system, 
[ I M ] = 7.369X10 M, 
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Fig.2.30.'Analysis of F;Qfunctions for Cd ( I I ) - IM -AL system, 
[ I M ] = 8 .882X ld^M. 
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Ffg.2.3i:A nalysis of Fj^functions for Cd(II)~IM-AL syst8ni, 
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Fig.2.32: Analysis of FjQ functions for C d d D - I M - V L system, 
[IM]=7.398Xld^M. 
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Fig,2.35: Analysis of Fj^ functions for Cd( I I ) - IM-LE systenn, 
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The equation u t i l i z e d at conBtant ionic s t rength i s , 
FQQ(IM,AA) = ant i log J Q'4343ng ^ _ j ^ + log _s I 
= A + B[AA] + G[AA]^ (32) 
where 
A = 1 + Pio-L [IM] + P^Q2 f^ ^^ ^^  -^  Pl03 t™^ + ^104^^^"^]'^  
B = PilO + (^ 111 f^ "^^^ + Pl l2 tl-'f]^ + Pi i3 [™]^ 
C = Pi20 + Pl21 t^^l + Pl22 t™^^ ^^^^ 
where P ^ Q ^ ' S and p ^ ' s are the s t a b i l i t y constants of the 
binary complexes with imidazole and amino acid or bip.yridyl, 
r e spec t ive ly ; pn-|-i» Pii2» 1^11'^ ' ^121 ^^^ ^122 ^^^ ^ ^® overa l l 
s t a b i l i t y constants for the formation of mixed-ligand complexes 
Cddl'DCAA)"^, Gd(lM)2(AA)'^, Gd(IM)^(AA)"^, Cd(IM)(AA)2 and 
Gd(lM)2(AA)2» r e spec t ive ly . The values of A,B,G were determined 
g raph ica l ly (F igs .2 .26 -2 .46) . Value of A was ca lcula ted using 
the value of fixed concentrat ion of unprotonated imidazole and 
s t a b i l i t y constants fo r Cd(II)- imidazole system. In order to 
determine the values of th r ee unknown constantsjp-,-,-, , '^•\\2 ^ ^^ 
p-,-,^, th ree d i f fe ren t values of B were obtained from t h e curves 
p lo t t ed at t h r ee d i f fe ren t concentra t ions of imidazole. Under 
the experimental condit ions used, the value of P-i-i'r was found 
1 4 1 
to be negative in each ternaxy system. The values of P-ipi ^^^ 
^122 '"®^® ca lcula ted using the r e l a t i o n G = P-ipo '^ '^ 121-'^ '^^ ^ "^  
p-,pp[lM] , taking the values of G at two d i f fe ren t concentrat ions 
of imidazole at a t ime. Then, average values of P]_2l ^^^ ^122 
were ca lcu la ted . The values of overa l l s t a b i l i t y cons tants , 
thus obtained for Gd(Il)-IM-AA and Gd(lI)-IM-BP t e rna ry systems, 
are given in Table 2.27. 
Pig. 2.47 shoves a diagramatic re t ) resentat ion of the d i f ferent 
poss ib le e q u i l i b r i a involved in the said teimary systems. Log 
values of formation cons tants for the e q u i l i b r i a represented 
d iagramat ica l ly in Pig .2 .47 are given in Table 2 .28. 
Alog K-values, calculated for the t e rnary systems, are 
l i s t e d in Table 2.29. Almost a l l the values are g rea te r than 
-0 .4 log u n i t s which ind ica te tha t t e rnary metal complex for -
mation i s more favoured than binary metal complexes. The same 
conclusion can be drawn on t h e bas i s of ca lcu la ted values of 
log X (Table 2.29) for Cd(Il)-IM-AA te rnary systems a l l of which 
are higher than the s t a t i s t i c a l va lues . 
Mixing constants , K , of the systems inves t iga ted cannot 
be ca lcula ted as the primary and secondary l igands are of 
d i f ferent d e n t i c i t y . 
The s t a b i l i t y order, e . g . , of 1:1:1 t e rnary complexes 
involving amino ac ids , was found t o be Gd(lM) (GL)'*'^ Gd(IM) (AL)"^  > 
Cd(lM)(SR)'^>Gd(lM)(VL)"^>Gd(IM)(MT)'^>Gd(lM)(LE)'^. 
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Table 2.27: The Overall Stability Constants of Ternary Cd(II)-
Imidazole-Amino Acids(or 2,2'-Bipyridyl) Complexes. 
.0, t = 35 C, I = 0.5M(KN0^). 
Equilibrium 
Cd2+ 
Gd^^ 
cd^ -^  
Cd2^ 
cd^ -^  
cd^ -^  
cd^ -^  
cd^ -^  
Cd2+ 
Cd2+ 
Cd2+ 
Cd^ -^  
Cd2^ 
Cd^^ 
Cd^^ 
Cd2+ 
Cd2^ 
Cd2+ 
cd^ -^  
Cd^ -^  
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
IM 
IM 
2IM 
2IM 
IM 
IM 
2IM 
2IM 
IM 
IM 
2IM 
2IM 
IM 
IM 
2IM 
2IM 
IM 
IM 
2IM 
2IM 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
log p 
GL" ^ Cd(IM 
2GL'* ^ '" Gd(lM 
GL' ^ Cd(IM 
2GL" ^ Cd(IM 
AL"" ^  •" Cd(IM 
2AL" >, Cd(IM 
AIJ" ^ Cd(lM 
2AL"" ^ ^ Cd(IM 
VL' ^ Cd(lM 
2VL" ^ ^ Cd(IM 
VL" ^ '^  Cd(IM 
2VL"" ^ Cd(lM 
LE- ^ Cd(lM 
2LE' ^ ^ Gd(lM 
LE" V, ^ Cd(IM 
2LE" ^ '^  Cd(IM 
SR" ^ ad( IM 
2Sa" ^ Od(lM 
SR" ^ '" Cd( IM 
2SR'' ^  ^ Cd(lM 
)(GL)-^ 
)(GL)2 
)2(GI')'' 
)2(&I')2 
)(AL)^ 
)(AL)2 
)2(AL)-' 
)2(AL)2 
)(VL)+ 
)(VL)2 
)2(VL)^ 
)2(VL)2 
)(LE)+ 
)(LE)2 
)2(I'E)"' 
)2(I'E)2 
)(SR)-^ 
)(SR)2 
)2(SR)'' 
)2(SR)2 
6.99 
9.76 
8.77 
10.57 
6.96 
9.59 
8.61 
10.75 
6.46 
9.28 
8.07 
9.89 
6.07 
8.99 
8.35 
10.22 
6.61 
9.17 
8.47 
10.14 
Table 2.27 cont inued 
Cd "^^  + 2IM + BP "-: Cd(lM)g(BP)^"*" 8.24 
Cd^ "*" + 2IM + 2BP "^  Gd(IM)^(BP)^"^ 10 .09 
J. 'ir^ 
Equ i l i b r i um log p 
Cd^"^ + IM + MT" ^: :L Cd(IM)(MT)"^ 6 .33 
Gd^ "^  + IM + 2MT" ^ ^ Cd(lM)(MT)g 9 .48 
Cd^ "*" + 2IM + MT~ ^ ^•Gd(IM)g(MT)"^ 8.60 
Gd^"^ + 2IM + 2MT" ^ "1: Gd(IM)g(MT)g 9.80 
Gd^ "^  + IM + BP ^ '^  Cd(IM)(BP)^'^ 6.96 
Gd^"^ + IM + 2BP ^ Gd(lM)(BP)^"^ 10 .00 
"'"El-Bzaby e t a l . de termined log p = 8.03 f o r t h e fo rmat ion of 
the complex s p e c i e s Cd(GL)(IM) . 
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Table 2,28: Log Values of Formation Constants f o r Equ i l i b r i a Shown 
Diagramatically in F ig .2 .47 . 
Equili-
brium 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
GL 
4.45 
2.52 
2.43 
-
-
-
-
6.99 
2.55 
4.39 
2.76 
0.03 
2.79 
0.36 
10.57 
9.76 
8.77 
2.31 
1.78 
0.98 
-0.82 
1.18 
4.09 
1.80 
3.00 
4.80 
AL 
4.18 
2.54 
2.34 
-
-
-
-
6.96 
2.78 
4.36 
2.63 
0.24 
2.87 
0.53 
10.75 
9.59 
8.61 
2.28 
1.65 
0.98 
1.16 
1.69 
3.93 
2.14 
2.84 
4.98 
Amino 
VL 
3.65 
2.36 
2.05 
-
-
-
-
6.46 
2.81 
3.86 
2.81 
0.45 
3.27 
1.22 
9.89 
9.28 
8.07 
1.78 
1.61 
1.21 
0.61 
1.83 
3.39 
1.82 
2.30 
4.12 
Acid(AA) 
LE 
3.84 
2.48 
2.19 
-
-
-
-
5.50 
1.66 
2.90 
3.73 
-0.82 
2.91 
0.72 
10.16 
9.23 
8.37 
0.82 
2.87 
0.86 
0.93 
1.65 
3.69 
1.79 
2.60 
4.39 
SR 
4.15 
2.53 
2.14 
-
-
-
-
6.61 
2.47 
4.01 
2.56 
-0.06 
2.50 
0.36 
10.14 
9.17 
8.47 
1.93 
1.86 
0.70 
0.97 
1.32 
3.79 
1.67 
2.70 
4.37 
MT 
3.78 
2.72 
-
-
-
-
-
6.33 
2.56 
3.73 
3.15 
-0.16 
2.99 
-
9.80 
9.48 
8.60 
1.65 
2.27 
0.88 
0.32 
-
3.92 
1.20 
2.83 
4.03 
BP 
4.60 
2.72 
2.52 
-
-
-
-
6.96 
2.36 
4.36 
3.04 
-0.34 
2.70 
0.18 
10.09 
10.00 
8.24 
2.28 
1.28 
1.76 
0.08 
0.26 
3.56 
1.85 
2.47 
4.31 
TM Xi i 
_ 
-
-
2.60 
2.08 
1.09 
0.74 
-
-
-
-
-
-
-
-
-
-
-
-
— 
-
-
-
-
-
— 
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T a b l e 2 . 2 9 : V a l u e s of A l o g K and logX f o r Gd( I I ) - I m i d a z o l e -
Amino A c i d s ( o r 2 , 2 ' - B i p y r i d y l ) S y s t e m s . 
t = 35°C, I = 0.5M(KN0^). 
Complex Species A l o g K logX 
Cd( 
Gd( 
Gd( 
Cd( 
Cd( 
Cd( 
Gd( 
Cd( 
Gd( 
Gd( 
Gd( 
Cd( 
Gd( 
Cd( 
Gd( 
Gd 
Gd( 
Gd( 
Gd( 
Gd 
IM) 
IM) 
IM) 
IM) 
IM) 
IM) 
IM) 
IM) 
IM) 
IM) 
IM) 
IM) 
IM) 
IM) 
IM) 
;iM) 
.IM) 
;iM) 
.IM) 
. IM) 
(GL)-^ 
(&L)2 
2(GL) ' ' 
2 ( ^ 1 ) 2 
(AL) + 
(AL)2 
2(A1)"' 
2(AL)2 
(VI) + 
(VL)2 
o(VL) + 
2(VL)2 
( L E ) ^ 
(LE)2 
2(LB)'" 
2 ( 1 3 ) 2 
(SR)"^ 
(3R)2 
2(3R) '" 
2 (SR)2 
- 0 . 0 6 
+ 0 . 2 0 
- 0 . 3 6 
- 1 . 0 7 
+ 0 . 1 8 
+ 0 . 2 7 
- 0 . 2 5 
- 0 . 6 5 
+ 0 . 2 1 
+ 0 . 6 7 
- 0 . 2 6 
- 0 , 8 0 
- 0 . 3 7 
+ 0 . 0 7 
- 0 . 1 7 
- 0 . 7 8 
- 0 . 1 4 
- 0 . 1 0 
- 0 . 3 6 
- 1 . 2 1 
2.34 
4.73 
5.38 
2 . 5 2 
4 . 3 8 
5 .23 
2 . 2 3 
5 .95 
4 . 6 1 
1 .14 
4 . 1 8 
5 .00 
1 .87 
4 . 1 0 
5 .05 
Table 2.29 continued 
2 
Cd(lM)2(3P)2'*" - 1 . 0 4 3.55 
Gd(lM)^(BP)^'^ - 1 . 8 9 
1 i'l 
Complex Spec ies AlogK logX 
Cd(IM)(MT)''*' - 0 . 0 5 1.48 
ad(lM)(MT)2 +0.38 
Gd(lM)2(MT)"^ f0.14 
Cd(lM)2(MT)2 - 1 . 3 8 
Gd(lM)(BP)^^ - 0 . 2 4 1.94 
GdClI-OCBP)^"^ +0.10 4 .57 
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CHAPTER I I I 
POTENTIOMETRIC STUDIES ON BINARY 
AND TERNARY SYSTEMS INVOLVING 
SOME BIVALENT METAL IONS, AMINO 
ACIDS AND IMIDAZOLE 
15 1^:! 
INTRODUCTION 
In the preceding Chapter, we have described binary and 
ternary systems involving Cd(II), 2,2'-bipyridyl, imidazole 
and some amino acids. The systems were investigated using 
polarographic methods of investigation. In these methods, 
stability constants are calculated either directly (in case 
of binary systems) or from certain parameters (in case of 
ternary systems) obtained by graphical extrapolations. Due 
to uncertainties involved in extrapolations, the stability 
constants obtained from polarographic data are not precise. 
Potentiometry is considered to be the most suitable 
method for detecting mixed-ligand species in the case where 
the new species are formed in the same pH range as the single 
species. The number and stoichiometry of the species and 
their formation constants can be obtained by thorough numerical 
analysis of the data. A series of computer programs are 
available for calculating precise values of formation constants. 
Luckily, pragram SUPERQUAD has become available after June 1985 
only which is the most recent for calculating formation constants 
of various species in solution equilibria. 
In t h i s c h a p t e r , d e t a i l e d s t u d i e s on the format ion ^^nui l i -
b r i a of b i n a r y and t e r n a r y complexes of c o b a l t ( I I ) , n i c k e l . I I ) , 
c o p p e r ( I I ) , z i n c ( I I ) and cadmi\im(ll) wi th g l y c i n e , D L - t - a l a n i n e , 
DL-valine a s pr imary l i g a n d s and imidazole as a secondary l i g a n d 
under p h y s i o l o g i c a l l i k e c o n d i t i o n s ( t = 37°C and I = 0.15M) 
have been d e s c r i b e d . The expe r imen ta l p H - t i t r a t i o n da t a were 
ana lyzed us ing advanced computer t e c h n i q u e s . Values of format ion 
c o n s t a n t s f o r t h e t e r n a r y systems c o n t a i n i n g g l y c i n e and imidazo le 
2-4 
and t h e s a i d meta l i o n s a r e a v a i l a b l e i n t h e l i t e r a t u r e bu t 
fo rmat ion c o n s t a n t d a t a f o r t h e mixed- l igand complexes with 
a l a n i n e , v a l i n e and imidazo le a r e being r e p o r t e d f o r t h e f i r s t 
t i m e . 
EXPERIMENTAL SECTION 
Ligands 
The l i g a n d s g l y c i n e (BDH, I n d i a ) , D L - a - a l a n i n e , imidazo le 
(BDH, Poo le , England) and DL-val ine (SB'S , I n d i a ) were used 
wi thou t f u r t h e r p u r i f i c a t i o n . Stock s o l u t i o n s of l i g a n d s were 
p repa red by d i s s o l v i n g c a l c u l a t e d amounts in doubly d i s t i l l e d 
wa te r . The s tock s o l u t i o n of imidazo le was s t a n d a r d i z e d with 
s t anda rd n i t r i c ac id by p H - t i t r a t i o n . 
Metal I ons 
Stock s o l u t i o n s of 0.05M n i t r a t e s a l t s of c o b a l t ( I I ) ( M e r c k ) , 
n i c k e l ( I I ) (BDH, I n d i a ) , c o p p e r ( I I ) , z i n c ( I I ) and cadmium(II) 
I..);? 
( a l l S. Merck) were prepared in 0,05M HNO,. The metal contents 
in so lu t ions were determined by t i t r a t i n g with disodium s a l t of 
EDTA using Eripchrome Black-T as i nd ica to r except in the case 
of copper(II) where PAN ind ica to r was used and the t i t r a t i o n s 
were performed in presence of ace t a t e buffer . Acetate buffer 
was prepared as follows: 8.20g of sodiiim ace ta te (S . Merck) was 
dissolved in water. 0.60 ml of g l a c i a l a c e t i c acid (E. Merck) 
were added t o i t and the so lu t ion was d i l u t ed to 100 ml with 
doubly d i s t i l l e d water and s tored in polyethylene b o t t l e . 
Sodium Hydroxide 
Standard OOp-free NaOH was prepared as described in Chapter 2, 
The concentrat ion of NaOH was checked da i ly by t i t r a t i n g with 
potassium hydrogen ph tha la t e . 
Measurements 
All the t i t r a t i o n s were performed at 37 + 0.1 C in a double-
walled g l a s s c e l l , thro\igh the outer jacket of which water c i r -
culated from a constant temperature ba th . The ion ic s t rength of 
a l l t i t r a t i o n so lu t ions was adjusted to 0.15M by adding r e q u i s i t e 
amounts of potassium n i t r a t e . In a l l t i t r a t i o n s oxygen-free 
n i t rogen was passed in to so lu t ion before and during the pH 
measurements in order to maintain an i n e r t atmosphere. Standard 
NaOH was added to the t i t r a t i o n c e l l and the changes in pH were 
monitored with a d i g i t a l pH meter (ELICO, model LI-120) accurate 
154 
to + 0.01 pH u n i t . The e lec t rodes used were ELICO- type EK-62 
g l a s s and ELICO- type ER-70 calomel. The pH standard taken 
was 4.02 for 0.05M potassium hydrogen ph tha la te so lu t ion . The 
e lec t rode system was ca l i b r a t ed by t i t r a t i n g pe rch lo r ic acid 
of known s t rength ( I = 0,15M, adjusted with KNO,) with standard 
COp-free NaOH. The pH-meter readings were then compared with 
those ca lcu la ted . In the ca lcu la t ion of pH values the ion iza t ion 
of water was taken to be 13.38r a t 37°G and I = 0.15M. 
Following so lu t ions were t i t r a t e d for the study of binary 
metal(II)-amino acid ( so lu t i ons ( i ) — ( v ) ) and meta l ( I I ) - imidazole 
( so lu t i ons (v i )—(x) ) systems. 
( i ) 0.025M N i t r i c Acid 
( i i ) 0.025M N i t r i c Acid + 0.006M Amino Acid 
( i i i ) 0.025M N i t r i c Acid + 0 . 0 0 6 M Amino Acid + 0.002M Meta l ( l l ) 
Ion 
( iv ) 0.025M N i t r i c Acid + '0.012M Amino Acid 
( V ) 0.025M N i t r i c Acid + 0.012M Amino Acid + 0.002M Meta l ( l l ) 
Ion 
( v i ) 0.050M N i t r i c Acid 
( v i i ) 0.050M N i t r i c Acid + 0.027M Imidazole 
(vi i i ) 0.050M N i t r i c Acid + 0.027M Imidazole + 0.002M Meta l ( I I ) 
Ion 
( ix ) 0.050M N i t r i c Acid + 0.044M Imidazole 
( X ) 0.050M N i t r i c Acid + 0.044M Imidazole + 0.002M Metal ( I I ) 
Ion. 
i [}.» 
In ternary systems, metal:amino acid:imidazole ratios were 
1:2:4.5 and 1:2:8.7 in case of Co(ll), Ni(II), Zn(II) and Gd(II) 
In case of Gu(II), these ratios were 1:1:4.5 and 1:1:8.7. The 
metal(II) ion concentration was approximately 2x10 M. Nitric 
acid was used to lower the pH of the solution in mixed-ligand 
systems. Total valume of solution to be titrated was adjusted 
to 50ml. 
The titrations were terminated when either the pH-meter 
readings became unstable showing a continuous downward drift or 
visual precipitations occurred. 
RESULTS AND DISCUSSION 
Protonation constants for the free ligands and the overall 
stability constants for binary and ternary systems were calcu-
lated by analyzing the titration data with the aid of the 
computer program SUPERQUAD which is an improved version of the 
fi 7 
computer program MINIQUAD * . The program was executed on a 
VAX-ll/780 computer. I t r e f ines the t o t a l l igand concentra t ions 
and i s appl icable upto two l i gands . In the ca l cu la t ion of 
s t a b i l i t y constants of binary complexes, protonat ion constants 
were kept constant while the values for binary species were 
va r i ed . In case of t e rna ry systems the values of protonat ion 
constants and the s t a b i l i t y constants of binary complexes were 
kept constant idiile those for t e rna ry complexes were va r i ed . 
15 .^  
A number of models of different complex species were tested in 
case of binary as well as ternary systems. In model selection, 
a model was rejected which gave large values of sigma (a) and/or 
2 
chi square (X. ). The model which gave the best statistical fit 
to the titration data as suggested by P. Gans et al. , was 
assumed to be true model taking into consideration the systematic 
errors in the experimental data. In a model selection, the 
preliminary estimates of log values of stability constants for 
the complex species which were expected to be formed in a 
particular system were needed at the beginning of the computation. 
Any species for which calculated standard deviation was greater 
than 33^ of its value, was rejected during the refinement and a 
new model was generated and refined. Finally, the results were 
accessed on the basis of sigma and chi square values. Plots of 
residuals were also examined to access the results. A large 
value of residual indicated an erroneous data point otherwise 
large values were found near the end point. 
Selection of pH range is also very important in the analysis 
of titration data for various complex species. The range of 
data in a pH region where there is no complex formation or 
where complex formation has been completed gave no information 
regarding the formation constants. Hence, data from these 
regions were not included in the calculations. 
15V 
Protonat ion Constants of Free Ligands 
Protonation constants for g lyc ine , DL-a-alanine, DL-valine 
and imidazole determined by 3UPERQUAD program a re given in 
Table 3.1 along with the l i t e r a t u r e va lues . The values of 
protonat ion constants are in good agreement with the l i t e r a t u r e 
values reported tinder i d e n t i c a l condi t ions . 
Binary Systems 
Binary complexes of b iva len t metal ions Go(I I ) , N i ( I l ) , 
C u ( I l ) , Zn( l l ) and Gd(Il) with amino acids and imidazole have 
been studied by a number of workers. We have redetermined the 
formation constants a t 37^0 temperature and i o n i c - s t r e n g t h 
0.15M(KN0^) for the sa id metal ions with g lyc ine , DL-a-alanine, 
DL-valine and imidazole. Values are summarised in Tables 
3 .2 (a ) - ( e ) along with the l i t e r a t u r e va lues . Our values agree 
well with those reported e a r l i e r taking in to considera t ion the 
changes in experimental condi t ions . 
In binary systems the ana lys i s of t i t r a t i o n data was 
s t a r t e d by const ruct ing formation curves which involve p lo t s 
of average number of l igand boixnd per metal ion, n, versus 
free l igand exponent pX (= - log X). The va lues of n and t>X 
were ca lcula ted from the well known equations 
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^10 (Tx - nTj,) 
r e spec t ive ly . The formation curves for metal(II)-amino acid 
and —imidazole systems at two d i f fe ren t i n i t i a l a n a l y t i c a l 
concentrat ions of l igands are shown in F i g s . 3 . 1 - 3 . 4 . 
( i ) Metal( II)-Amino Acid ComT)lexe5 
Binary complexes of amino acids with t r a n s i t i o n metal ion^ have 
been studied extens ive ly in the past two decades. We have 
studied the binary complexes of Go(II) , N i ( l l ) , C u ( I I ) , Zn(II) and 
Cd(l l ) under the condit ions i d e n t i c a l with those used for te rnary 
systems. The importance of careful s tud ies of binary systems 
iinder condit ions i d e n t i c a l to those used for the t e rna ry system 
19 has been s t r e s sed . I t i s evident from the formation curves 
of metal ions with g lyc ine , DL-a-alanine and DL-valine 
(F ig .3 .1 -3 .3 ) tha t there i s a p o s s i b i l i t y of formation of two 
or more complexes in case of cobal t , n i cke l and cadmium. Copper 
forms only two complexes with g lyc ine , alanine and v a l i n e . In 
case of z inc , a t l e a s t two complexes may be formed with each 
amino acid . Deviation of data po in t s from the mononuclear 
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formation curve probably ind ica t e s formation of hydro ly t i c 
spec ies . 
In order t o determine the formation constants for binary 
complexes with computer program SUPERQUAD, t h e t i t r a t i o n data 
at two d i f fe ren t concentra t ions of amino acids were t r e a t e d 
simultaneously. The r e s u l t s are given in Tables 3 . 2 ( a ) - ( e ) . 
In case of Co( I I ) , Zn(II) and Cd(II) at l e a s t one hydroxy 
4 
species was detected. El-Ezaby et a l . have a lso repor ted 
the formation of two hydroxy species of Zn(II) and one protonated 
complex species of Cd(II) with g lyc ine . 
2+ Dis t r ibu t ion curves for var ious species of M formed with 
g lyc ine , DL-a-alanine and DL-valine as a function of pH at 
0.012M concentrat ion of amino acids are shown in F i g s . 3 . 5 - 3 . 9 . 
In the concentra t ions range used, 1:1 and 1:2 complexes 
of Co(II) were dominant. Hydroxy species were also present 
at low concent ra t ions . N i ( I I ) formed three complexes with each 
amino ac id . Beyond pH 9, 1^3 complex was t h e only major species 
in case of glycine and a lanine while with va l ine 1:2 complex 
dominated. Cu(II) formed only two complexes with each amino 
ac id . Beyond pH 4 .75, formation of 1:2 species was more favoured 
and, at pH;^7, about 99^ ot t o t a l copper was present in the form 
of 1:2 complex. Zn(II) formed th ree complexes with g lyc ine , two 
with a lanine with 1:2 complex as major species while only 1:1 
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16H 
species was detected with valine under the experimental conditions. 
Cd(II) formed 1:1, 1:2 and 1:3 complexes with glycine, alanine 
and only 1:1 and 1:2 complexes with valine. Formation of hydroxy 
species was more favoured in case of complex formation with 
alanine and valine as compared to that with glycine. 
Stepwise stability constants for binary metal(II)-amino 
acid complexes were found to decrease from 1:1 to 1:3 complex 
due to steric hinderance and electrostatic effects. The stability 
order has been found to be Cd<Co< Zn<Ni< Cu as expected from 
20 Mellor and Maley order . 
The order of stability in term of ligands has been found to 
be glycine> alanine£i:valine. The higher stability values of 
glycine complexes as compared to those of alanine or valine 
complexes can be explained due to absence of alkyl chain in 
glycine. The substitution of methyl group on the a-carbon atom 
produces a small decrease in logp values. However, further 
lenghthening of the glycine skeleton does not show any marked 
influence on stability. 
(ii) Metal(II)-Imidazole Complexes 
Interaction of transition metal ions with imidazole has 
also been reported earlier by many investigators^ ""^ '"''^ *'^ *^''"®'^ "'"••^ .^ 
At least two binary complexes with imidazole have been detected 
under the experimental conditions in the present work using the 
1,67 
SUPERQUAD program. 
Formation curves for metal(II)-imidazole complexes (Fig.3.4) 
show the possibility of foimation of two complexes with Co(II), 
of three or more complexes each with Ni(II), Cu(II) and Zn(Il), 
and two or more complexes with Cd(Il). The overall stability-
constants for the binary complexes with imidazole are given in 
Tables 3.2(a)-(e). 
Distribution curves for the formation of various snecies 
as a function of pH are shown in Figs.3.5-3.9 at a ratio of total 
concentration of imidazole to total concentration of metal ion 
nearly equal to 22. Only two complexes were observed with Go(II) 
and Cd(II). However, in these cases, higher species were also 
taken into consideration but they were rejected during the 
refinement. In case of cobalt, beyond pH 6.5, formation of 1:2 
species was more favoured and, at pH 7.7, about 70^ of total 
cobalt was present in the form of 1:2 species. In case of 
cadmium, 1:2 species dominated beyond pH 6 and its concentration 
reaches to about 85^ at pH 7.75. Ni(II)-imidazole complexes were 
studied in the pH range 4.6-8,0 and among the 1:1, 1:2 and 1:3 
complex species, the later species was more favoured at higher 
pH or higher concentrations of free imidazole. Cu(Il) formed 
four complexes with imidazole in the pH range 3.5 to 7.9. Around 
pH 7.75, Cu(IM). was the only complex present at about 80^ 
concentration \*iile those of CuClM)^ "*", CUUM)^'^ and CudM)^"*" did 
m 
not exceed 50^. Zn(II) complexed with imidazole in the pH range 
2+ 4.9 to 7.1 to form 1 :1 , 1:2 and 1:4 complexes. Zn(IM)^ complex 
could not be de tec ted . The concentra t ions of h igher complexes 
increased with increase in pH or concentrat ion of xmprotonated 
imidazole. 
An observation of Tables 3 .2 (a ) - ( e ) show t h a t the s t a b i l i t y 
order for meta l ( I I ) - imidazole complexes in term of metal ion i s 
Cu>Ni>Cd> Co^ Zn. The values of stepwise s t a b i l i t y constants 
decrease from NidM)^"*" to Ni(IM)^"^, from CudM)^"*" to CudM)^"^ 
and from Cd(IM) to Cd(IM)p , while in case of cobalt and zinc 
these values are not much d i f fe ren t or are of comparable magni-
tudes . The s t a b i l i t y value for the formation of 1:1 complex i s 
highest for copper and lowest fo r z inc . Only in the case of 
z inc , i n t e r a c t i o n fo r t he second molecule of imidazole was found 
to be p o s i t i v e . 1:1 complexes of cobal t , zinc and cadmium are 
r e l a t i v e l y weak and hence they favour the addi t ion of second 
molecule of imidazole over the 1:1 complexes of n i cke l and 
copper. 
Crysta l lographic s tud ies show tha t the t e t racoord ina ted 
complexes of zinc are arranged in t e t r ahed ra l conf igurat ion 
around the metal ion, while those of copper have planer 
configurat ion. In the coordinat ion of imidazole to Gu(II) , 
the imidazole r ing pre fe rs to be coplanar with the four binding 
35 s i t e s of the Cu(II) . I f these four s i t e s are considered to 
» I ) .< 
be l y i n g i n XY p l a n e , t h e n the imidazo le r i n g i s he ld i n XY 
p lane by -re bonding between copper and n i t r o g e n atom of 
i m i d a z o l e . This u bonding i s s u f f i c i e n t l y weak. In a p l a n a r 
2+ 2+ 
c o n f i g u r a t i o n of Cu(IM)^ and Cu(IM). i o n , t h e r e i s a ve ry 
c l o s e approach of some of t h e atoms in ad jo ing imidazo le r i n g s 
around t h e copper ion and due t o t h e s t e r i c h i n d e r a n c e some o r 
a l l of t h e imidazo le r i n g s a r e r o t a t e d rang ing from 30 t o 60 
out of t h e XY p lane aroimd the Gu-N bond a s t o make mutual 
accommodation e a s i e r . The s t e r i c f a c t o r s i n p l a n a r c o n f i g u r a t i o n 
of copper c l e a r l y e x p l a i n t h e d e c r e a s i n g v a l u e s of s u c c e s s i v e 
s t a b i l i t y c o n s t a n t s . Whereas foinnation of s u c c e s s i v e t e t r a h e d r a l 
complexes of z i n c wi th imidazole i s no t e f f e c t e d by s t e r i c 
h indrance and hence t h e s u c c e s s i v e s t epwise s t a b i l i t y c o n s t a n t s 
a r e of comparable magni tudes . Gergely and Sova^o have pu^ 
foirward t h e sugges t i on t h a t due t o s t e r i c h i n d e r a n c e in Cu(lM)2 
complex, only Cu(IM]r complex i s favoured by the n - a c c e p t o r 
p r o p e r t y of imidazo le whi le i n z i n c - i m i d a z o l e system, format ion 
of both Zn(lM) and Zn(IM)2 complexes i s favo\ired by i i - e l e c t r o n 
system of i m i d a z o l e . 
Ternary Systems 
The o v e r a l l s t a b i l i t y c o n s t a n t s , p , f o r t h e format ion 
of t e r n a r y metal i on complexes, r e p r e s e n t e d by e q u i l i b r i u m ( 1 ) , 
a r e r e p o r t e d i n Tables 3 . 3 ( a ) - ( e ) . 
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17;^ 
pM + qAA + rIM + sH ^, : i M^CAA) (IM)^H^ ( l ) 
[Mp(AA)q(lM)^Hg] 
^P^^^ " [M]P[AA]^[IM]^[H]^ 
where M = metal i o n , AA = amino ac id and IM = imidazo le and 
p , q , r , s a r e t h e s t o i c h i o m e t r i c c o e f f i c i e n t s cor responding t o 
M, AA, IM and H, r e s p e c t i v e l y . 
A number of models i n sequence were examined with t h e 
a id of SUPERQUAD program. Format ion c o n s t a n t s f o r t h e b e s t 
model examined f o r t e r n a r y metal ion complexes a r e r e p o r t e d . 
S l i g h t v a r i a t i o n s i n t h e v a l u e s of p r o t o n a t i o n c o n s t a n t s of 
l i g a n d s and s t a b i l i t y c o n s t a n t s of b ina ry complexes had no 
e f f e c t on t h e chosen t e r n a r y model; however, t h e changes 
observed i n format ion c o n s t a n t s f o r t he l a t e r were w i t h i n t h e 
expe r imen ta l e r r o r . 
I n t h e p r e s e n t work we have s t u d i e d f i f t e e n mixed l i g a n d 
s y s t e m s : t h r e e f o r each of t h e metal i o n s c o b a l t ( l l ) , n i c k e l ( l l ) , 
c o p p e r ( I I ) , z i n c ( I I ) and cadmium(ll) with g l y c i n e , DL-a-a lan ine 
o r nL-va l ine as pr imary l i g a n d s and imidazo le as secondary 
l i g a n d . 
( i ) Ternary Complexes of C o b a l t ( I I ) 
Mixed- l igand complexes of c o b a l t ( I I ) with g l y c i n e , 
DL-a-a lan ine o r DL-valine a s pr imary l i g a n d s and imidazo le as 
t7s; 
secondary l igand were studied in the pH ran^e 6-9 and only 
1:1:1:0 species was detec ted in each system a t 1:2:4.5 and 
1:2:8.7 r a t i o s of C o ( l l ) , amino acid and imidazole . The values 
of overa l l s t a b i l i t y constants for ternary complexes of Co(II) 
are given in Table 3 .3 (a ) . L i t e r a t u r e value, ava i l ab le for 
1:1:1:0 Co(II) -glycine- imidazole complex only , was found to be 
about 1 log un i t g r e a t e r than the value observed in the present 
work xmder the i d e n t i c a l experimental condi t ions ( t - 37°C and 
I = 0.15M). 
The s t a b i l i t i e s of mixed complexes were compared quan t i -
t a t i v e l y with t ha t of parent binary complexes in terms o fAlog K 
values defined by equations (2) and (3 ) : 
Alog K^ = log K«(^ ' ) ( j „ ) - log ^ { j „ ) (2) 
Alog Kj = log K^jiiJdM)^ - log <(^„)^ (3) 
Alog K, r ep resen t s the difference in s t a b i l i t i e s for the 
addi t ion of one imidazole molecule to 1:1 metal ( I I )-amino 
acid complex and to meta l ( I I ) and Alog Kp represen t s the 
difference in s t a b i l i t i e s for the addi t ion of two imidazole 
molecules to 1:1 metal ( I l ) -amino acid complex and to meta l ( I I ) 
In o ther words, Alog K, and Alog K2 represent the 
formation constants for the formation of 1:1:1:0 complex from 
e q u i l i b r i a (4) and (6) and are ca lcu la ted from r e l a t i o n s (5) 
IT.' 
and ( 7 ) , r e s p e c t i v e l y : 
M(AA) + M(IM) : ^ = i M ( A A ) ( l M ) + M (4) 
A l o g K^ = log P M ( A A ) ( I M ) " ( I ° S PM(AA) "^  ^^^ P M ( I M ) ) ^ 5) 
M(AA) + M(IM)2 =^=^M(AA)(IM)2 + M (6) 
• A l o g Z2 = log P M ( A A ) ( I M ) 2 " (^°^ ^M(AA) •*• ^ ° ^ P M ( I M ) 2 ) '^^ ^ 
The r e l a t i v e s t a b i l i t i e s of mixed complexes were a l s o compared 
to t h a t of pa ren t b i n a r y complexes i n t e rms of log X v a l u e s 
which r e p r e s e n t t h e format ion c o n s t a n t s f o r t h e format ion of 
1 :1 :1 :0 mixed complexes from p a r e n t 1:2 b i n a r y complexes 
accord ing t o e q u i l i b r i u m (8) and i s c a l c u l a t e d from t h e 
r e l a t i o n ( 9 ) : 
M(AA)2 + M(IM)2 :^=^2M(AA)(IM) . (8) 
[M(AA)(IM)]^ 
X = 
[M(AA)2][M(IM)2] 
log X = 2iog PM(AA)(IM) - (i°s PM(AA), ^ ^^s PM(IM)J (5) 
The d i f f e r e n c e 
A l o g p = log p ( e x p . ) - l o g p ( c a l c d . ) (10) 
178 
provide a measure of the enhancement or dehancement of the 
mixed complexes after correction for statistical effects. 
Values of log p were calculated according to the relation 
log Pp,r(oalcd.) = log ^^  y • * ^ log Pp(,„)o 
r 
"77^^°^ ^ 0^(q+r) (U) 
The va lues of A log K^, Alog K^, log X and Alog p were 
ca lcula ted , wherever poss ib le , fo r the te rnary systems of 
metal ions Co(I I ) , N i ( l l ) , Cu(I I ) , Zn(II) and Cd(II) and are 
l i s t e d in Tahle 3 .4 . 
Log values of formation constants for the formation of 
var ious poss ib le binary as well as t e rna ry metal complexes 
were ca lcula ted and are given in Table 3 . 5 ( a ) . 
A negat ive value of Alog K-. near equal to zero for 
cobal t ( I I ) -amino acid-imidazole (Table 3.4) i n d i c a t e s t ha t 
the formation of mixed complex i s not favoured by equil ibrium 
(4) or 1:1 binary species are more s t ab l e than the 1:1:1:0 
te rnary complex. In other words, we can say t h a t imidazole 
binds b e t t e r t o Co(Il) than to the binary Co( I I ) -g lyc ine , 
Co( l I ) -a lan ine or Co( I l ) -va l ine complexes. The negative values 
may also r e s u l t from the fact t ha t more coordinat ion pos i t ions 
are ava i lab le on Co(l l ) than on Co(II)-amino acid complex. 
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Table 3 .5 (a ) : Formation Constants for Various Possible Equil ibria, 
Involved in Cobalt(II)-Amino Acid-Imidazole Systems. 
Equilibrium log K 
n 2 + 
Co + 
,+ Co(&L 
Co(aL 
Co(GL 
Co^^ 
Co(AL 
Go(AL 
Go(Al 
Go2+ 
Co(VL 
Go(YL 
Co2-
Go(lM 
Go(GL 
Go(GL 
2+ 
Co(lM 
Co(lM 
Go(AL 
Go(AL 
2+ 
2+ 
2 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
GL 
GL" 
GL" 
OH" 
AL" 
Al" 
AL' 
2011" 
VL" 
VL" 
OH" 
IM 
IM 
IM 
IM 
GL" 
GL" 
IM 
IM 
^ = ^ G o ( G L ) " ^ 
: ^ = ^ Co(GL)2 
^ = : ± : Co(GL)^ 
Co(GL)(OH) 
Go(AL}"*' 
Go(AL)2 
: 5 = ^ C o ( A l ) ~ 
Co(AL)(0H)2 
Go(VL)"*" 
Go(VL)2 
Go(VL)(OH) 
2+ 
^ 
^S ' 
^ 
a> 
^ 
^ 
r : ^ 
• ^ • 
:^ 
•^ : 
=». 
• ^ ; : 
r : : ^ 
•^i 
:^ 
->!:: 
^. 
• ^ : 
^. 
^. 
• « = 
:^ 
-^ 
^. 
•"s: 
^ 
2+ 
Co(IM)' 
Co(IM) 
Go(GL)(IM)'^ 
Go(GL)(IM)"^ + GL" 
Go(IM)(GL)^ 
Oo(IM)(GL)^ + IM 
Co(AL)(IM)'^ + AL" 
4 . 6 4 2 
3 . 6 7 8 
2 . 4 2 8 
4 . 3 5 8 
4 . 3 2 5 
3 . 4 3 9 
2 . 3 9 7 
8 . 0 0 1 
4 . 2 4 3 
3 . 3 1 7 
8 .312 
2 . 3 2 4 
1 .950 
2 . 1 6 0 
- 1 . 5 1 8 
4 . 4 7 8 
2 . 5 2 8 
2 . 0 9 4 
- 1 . 3 4 5 
(^ -: 
T a b l e 3 « 5 ( a ) c o n t i n u e d 
E q u i l i b r i u m l o g K 
CodM)^"^ + AL" ., ^ Qo(lM)(AL)^ 4 . 0 9 5 
Co(lM)2'^ + KL" ^=^Go{m){KL)'^ + IM 2 . 1 4 5 
GoCVL)"^ + IM ^==±: Co(VL)( lM)^ 2 . 2 5 8 
Go(VL)2 + IM ^ ^Co(VL)( lM)"^ + VL" - 1 . 0 5 9 
Co(IM)^"^ + VL"" ^ = = ^ C o ( I M ) ( V L ) ^ 4 . 1 7 7 
Go(lM)2"^ + VL~ ^ = ^ G o ( l M ) ( V L ) ' * ' + IM 2 . 2 2 7 
n?. 
Pos i t ive value of log X(ciil) i nd i ca t e s t ha t t he formation of 
1:1:1:0 species i s more favoured oy equil ibrium (8) or 1:2 
binary species are l e s s s tab le than 1:1:1:0 t e r n a r y spec ies . 
The pos i t i ve values of A log ^-^j^-^ (0*20 , 0.10 and 0.28 in 
case of g lyc ine , alanine and v a l i n e , r e spec t ive ly , which are 
s l i g h t l y g r e a t e r than zero) show no marked s t a b l i z a t i o n of 
1:1:1:0 mixed complexes. From an observat ion of Table 3 .5 (a ) , 
i t i s evident tha t addi t ion of an imidazole molecule to 1:1 
cobal t ( I I ) -amino acid complex i s more favoured as compared to 
tha t to 1:1 coba l t ( I I ) - imidazo le complex. Dis t r ibu t ion cuzrves 
for the formation of var ious species in the t e rna ry systems of 
c o b a l t ( l l ) (Fig . 3.10) show tha t formation of mixed species i s 
more favoured in the pH range 8-9. 
( i i ) Ternary Complexes of Nicke l ( I I ) 
Mixed-ligand complexes of n i c k e l ( I I ) have been studied 
in the pH range 5 .2-9 .75 . In case of glycine and va l ine 
1:1:1:0, 1:1:2:0 and 1:2:2:0 complex species were detected 
along with a 1 :1:1: -1 species formed e i t h e r by the d i s soc ia t ion 
of proton from the l igand or by the addi t ion of OH group t o 
1:1:1:0 complex, ^ i l e with a lanine only 1:1:2:0 and 1:2:2:0 
complexes were observed. Formation of 1:1:1:0 N i ( l l ) - a l a n i n a t e -
imidazole complex was considered but during the refinement i t 
was r e j ec t ed . Negative values of Alog K-, in case of glycine 
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2+ and va l ine i n d i c a t e s Ni(IM) complex i s more s tab le than 
NiCGlXlM)"*" or Ni(VL) (IM)"^. Pos i t ive values of logX favour 
the formation of 1:1:1:0 complexes according t o equil ibrium 
( 8 ) . Also, pos i t i ve values of Alog Pini i nd i ca t e t ha t mixed 
species are s l i g h t l y more s tab le than the parent binary spec ies . 
In Table 3.5(b) , log values of formation constants for var ious 
possible e q u i l i b r i a for binary and te rnary complexes of Ni ( I I ) 
are given. Addition of a molecule of imidazole to Ni(GL) or 
Ni(VL)^ complex i s more favoured as compared to t h a t to Ni(IM) 
Formation of 1:1:2:0 complex by addi t ion of two imidazole 
molecules to 1:1 Ni(II)-amino acid complex was more favoured 
than to ITi(IM) complex to form Ni(IM)^ complex. Negative 
values of Alog Kp ind i ca t e t ha t equil ibr ium (6) i s not favoured. 
The respect ive valixes of Alog P-iTp with g lyc ine , a lanine and 
va l ine were found t o be 0.55 , 0.81 and 1.16 r e spec t ive ly . 
The pos i t i ve values ind ica t e tha t 1:1:2:0 species are more 
s tab le than the binary 1:5 spec ies . 
Dis t r ibu t ion curves for t e rnary systems of n i c k e l ( I I ) as 
a fimction of pH, are shown in F i g . 3 . 1 1 . 
( i i i ) Ternary Complexes of Gopper(II) 
Mixed-ligand complexes of copper with g lyc ine , DL-a-alanine,DL 
va l ine and imidazole were studied in the pH range 4 .0 -8 .15 . With 
each amino acid at l e a s t 1:1:1:0 and 1:1:2:0 comnlexes were 
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Table 3.5(13): Formation Cons tan t s f o r Var ious P o s s i b l e E q u i l i b r i a 
Involved i n Nicke l ( I I ) -Amino Ac id - Imidazo le Systems. 
Equ i l i b r ium log K 
Ni 2+ 
ITi(Gl)'^ 
Ni(GL)2 
Ni2+ 
NKAL)"^ 
Ni(AL)o 
Ni 2+ 
Ni(VL) 
Ni(VL) 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
Ni(lM)^"^ + 
Ni( 114)2"^ + 
NiClM)^"^ + 
l i (GL)"^ + 
Ni(GL)2 + 
NidM)^"*" + 
Ni(IM)2 '^ + 
NiCGL)"^ + 
Ni(GL)2 + 
Ni(GL)(IM)"^ + 
Ni(lM)2"^ + 
Ni(lM)^"*" + 
GL 
GL" 
GL" 
KL' 
AL" 
KL' 
7L ' 
VL" 
YL' 
IM 
IM 
IM 
2IM 
IM 
IM 
GL" 
GL" 
2IM 
2IM 
IM 
GL" 
GL" 
: ^ = ^ N i ( G L 
: ^ = ^ N i ( G L 
: ^ = ^ N i ( G L 
=^=±: Ni(AL 
^ = ^ N i ( A L 
: ^=^Ni (AL 
; ^ = ^ F i ( V L 
^ = ± N i ( V L 
^ ^ N i ( V L 
^ = ^ N i ( l M 
: ; = ± : l i ( I M 
5 ^ ^ i T i ( I M 
^ = ^ N i ( I M 
^ = ^ N i ( G L 
— Ni(GL 
- N i ( I M 
± r N i ( l M 
^ : ^ N i ( G L 
:?=±:Ni(GL 
^=± :Ni (GL 
±^¥ i (GL 
— Ni(GL 
3 
2+ 
2+ 
2 
2+ 
3 
2+ 
3 
(IM) + 
(IM)"^ + GL" 
(GL) + 
(GL)"^ + IM 
( IM)^ 
( IM)2 + GL" 
( I M ) ^ 
(IM) + 
(lM)t + IM 
5.543 
4.617 
3.131 
5.181 
4 .278 
2 .781 
5.092 
4 .103 
2.151 
3.039 
2 .341 
1.998 
4.339 
2.664 
-1.953 
5.168 
2.827 
4 .831 
0 .214 
2.167 
4.994 
2.996 
Table 3«5(b) continued 
m 
E q u i l i b r i u m l o g K 
Ni(GL)2 + 
N i ( G L ) " + 
NidM)^"^ + 
NidM)^"^ 4-
Ni(GL)( 114)2 + 
Ni(GL)( lM) + 
Nl(AL)'^ + 
l^liKL)^ + 
N i d M ) ^ ^ + 
N i ( I M ) ^ ^ + 
ITi(AL)2 + 
N i ( A l ) ^ + 
N i d M ) ^ ^ + 
Ni ( lM) | "^ + 
Ni(AL)(IM:^ + 
NiCVL)"*" + 
N i ( V I ) 2 + 
NlClM)^"^ + 
2+ 
2 
Ni(VL)+ + 
F i ( l M ) 2 + 
Ni(YL)2 + 
N i ( V l ) ~ + 
2IM 
2IM 
2GL' 
2GL" 
GL' 
OH" 
2IM 
2IM 
Ali ' 
AL' 
2IM 
2XM 
2A1' 
2AL" 
AL" 
IM 
IM 
7L" 
VL" 
2IM 
2IM 
2IM 
:Ni(GL 
:N1(GL 
:Ki(GL 
:N i ( lM 
:Ni(GL 
:M(GL 
:Ki(AIi 
•N1(AL 
:N1(AL 
:Ni(Ali 
:Ni(AL 
:Wi(AL 
:Ni ( IM 
:N1(IM 
:Ni(AL 
:Ni(VL 
±=Ni(VL 
^ N i ( l M 
± r ¥ i ( l M 
±:N1(VL 
±:Ni(VL 
2( IM)2 
2( IM)2 + GL" 
2(114)2 
2(GL)2 + IM 
2(IM)2 
( IM)(0H) 
(IM) + 
( I M ) ^ 
( IM)^ 
( I M ) t 
+ AL 
+ IM 
(IM)2 
( IM)2 + AL" 
2(AL)2 
2(AL)2 + IM 
2(IM)2 
( I M ) ^ 
(IM)"^ + YL" 
(VL)-^ 
(YL)+ ^ IM 
( IM)J 
(IM)2 + VL" 
( IM)2 +2VL" 
4 . 2 0 7 
1 .076 
8 . 9 8 7 
6 . 9 8 9 
3 . 9 9 3 
4 . 2 1 1 
5 .109 
0 . 8 3 1 
4 . 9 1 0 
2 . 9 1 2 
4 . 5 8 0 
1 .799 
8 . 6 5 9 
6 . 6 6 1 
3 . 7 4 9 
2 .824 
- 1 . 2 7 9 
4 . 8 7 7 
2 . 5 3 6 
5 .250 
1 .147 
- 1 . 0 0 4 
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Table 3 .3 (b ) cont inued 
Equ i l i b r ium log K 
lTi(VL)(lM)'*" + IM ^=±Ni(VL)( IM)2 2.426 
Ni(lM)2'^ + VL" ;^=^Ni(VL)( lM)^ 4.962 
NidM)^"^ + VL"^=^lTi (VL)(IM)2 + IM 2.964 
Ni(VL)2 + 2IM TT^ lllJYL) ^{IK) ^ 4 .794 
Ni(VL)^ + 2IM ^=±:Ni(VL) 2(114)2+ VL" 2.643 
Ni(lH)2"^ + 2VL" ^=:±Ni(YL)2(IM)2 8.609 
ITidM)^"^ + 271" ^ : ^ N i ( V L ) 2(114)2+ IM 6 . 6 I I 
Ui(VL)(lM)2 + VL~ ^=±:Ni(VL)2(11)2 3.647 
Ni(VL)(lM)'^ + OH" :^=^Ni(VL)(lM)(OH) 3.972 
- t 2 
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formed. A t h i r d complex species 1:1:3:0 was also detected with 
alanine and va l i ne l i gands . In Tahle 3.4 ho thAlog K, and A log 
Kp values are negative showing t h a t imidazole binds b e t t e r to 
Cu(II) than to CU(AA) as evident from the fac t t ha t more 
coordinat ion pos i t ions are ava i l ab le on Cu(II) than on Cu(AA) 
complex. El-Ezaby et a l . observed 0.013 value of A log K^ under 
the i d e n t i c a l experimental condi t ions . 
35 X-ray c rys ta l lograph ic s tud ie s of binary and te rna ry 
complexes of Gu(II) with imidazole have shown tha t the imidazole 
r ings p re fe r to be coplanar with the four major s i t e s of 
copper ( I I ) . I f these s i t e s a re considered t o be held in XY-plane, 
then the imidazole r ings w i l l be held in XY plane by the Gu—'S, 
n bonds. This n bonding i s not much s t ronger . 
The complexes CU(AA) (IM)"** and Gu(AA)(IM)t are assumed to 
be formed with s t r u c t u r e s I and I I , r e spec t ive ly . 
/ Cu(II) / 
Structure I Structure II 
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In GU(AA)(IM)'^ complex imidazole ring l i e s in the plane of Gu(I I ) , 
while in Cu(AA)(IM)p complex two imidazole r ings a re a t tached to 
copper by Gu-N bond on adjacent s i t e s . Due to s t e r i c e f fec t s 
these r ings are ro ta ted about the Cu-N bond away from the plane 
so as to make the accommodation of two imida250le molecules in 
c i s pos i t ion eas i e r . A l a r g e r negat ive value of Alog K- may 
be explained in terms of the s t a t i s t i c a l e f fec t s r e su l t i ng from 
the reduct ion in ava i lab le binding s i t e s as well as loss of TC 
bonding in going from an in-plane coordinated imidazoles to two 
out-of-plane c i s coordinated imidazoles as to reduce the s t e r i c 
hinderance. 
Gu(AA)(IM)t complex containing alanine or va l ine was found 
to be uns table as evident from the equilibri-um constants fo r the 
addi t ion of th ree imidazoles to CU(AL) or Gu(VL) complexes 
(log K = 8.053 for a lan ine , and = 8.379 for va l ine) i s l e s s 
or about equal to the value 8.327 for the formation of CudM)^"*" 
2+ complex by addi t ion of th ree imidazole molecules to Cu(IM) complex 
(Table 3.5(c)). Values of log X( Table 3.4) are g r e a t e r than the 
s t a t i s t i c a l value of -0 .6 log uni t and show tha t 1:1:1:0 complex 
formation i s favoured by equil ibrium ( 8 ) . Pos i t ive va lues show 
tha t 1:1:1:0 copper(II)-amino acid-imidazole complexes are 
r e l a t i v e l y more s t ab le than the parent binary complexes. 
Di s t r ibu t ion curves fo r var ious spec ies formed in te rnary 
systems of copper (F ig .3 .12 ) , as a function of pH, a t 1:1:8.7 
r a t i o of Cu( I I ) , amino acid , imidazole show tha t about 40/^ of 
m 
Table 3.5(c): Formation Constants for Various Possible Equilibria 
Involved in Copper(II)-Amino Acid-Imidazole Systems. 
Equilibrium log K 
Gu2+ 
GuCGL)"^ + 
Gu2^ 
CUCAL)"^  + 
Gu2+ 
Cu(VL)"^  + 
Gu2+ 
Gu(lM)^^ + 
CudM)^'^ + 
CuClM)^ "^  + 
Gu(GL) + 
Gu(GL)2 + 
Cu(lM)^ "^  + 
Gu( 114)2"^  + 
Gu(Gl)^ + 
Cu(GL)2 + 
GuCGDdM)"^ + 
Gu(lM)2+ + 
CudM)^"^ + 
GUCAL)"^ + 
Gu( AL) „ + 
GL 
GL" 
AL" 
AL" 
VL" 
VL" 
IM 
IM 
IM 
IM 
IM 
IM 
GL" 
GL" 
2IM 
2IM 
IM 
GL" 
GL" 
IM 
IM 
— Gu(GL 
± : Gu(GL 
± : Cu(AL 
± : Cu(AL 
± : Gu(VL 
± : Gu(VL 
± : Cu(IM 
^ ^ Gu(IM 
^ = ± : Gu(lM 
: ^ = ± : Gu( IM 
:±: Gu(GL 
^ Cu(GL 
T : — ^ Gu(lM 
^ *" Gu(IM 
•^  ^ Gu(GL 
^ Gu(GL 
^ ^ Gu(GL 
^ ^ Gu(GL 
\ ^ Gu( GL 
T: ^ Gu(AL 
T ^ Gu(AL 
2 
2+ 
2+ 
2 
2+ 
3 
2+ 
4 
,+ IM)' 
IM)"^ + GL" 
GL)"^ 
GL)"^ + IM 
IM)J 
IM)2 + &L" 
IM)^ 
IM)^ 
IM)2 + IM 
IM) + 
> + IM)"^ + AL' 
7.990 
6.690 
7.903 
6.626 
7.927 
6.697 
4.044 
3.417 
2.730 
2 .181 
3.706 
-2.984 
7.652 
4.235 
6.553 
-0.137 
2.847 
7.082 
4.352 
3.787 
-2.839 
Table 3.5(c) continued 
Equilibrium log K 
Gu(lM)' ' '^ 
Cu(lM)2"^ 
Gu(AL)'*' 
OniAL)^ 
Cu(AIi)(IM)'^ 
Gu(IM)2^ 
CudM)^"^ 
Cu(AX)'^ 
Gu(AL)2 
Gu(AL)(lM)'^ 
Gu(Al) (114)2 
Gu(IM)^'^ 
Gu(IM)^^ 
Gu(YL)^ 
Gu(VL)2 
Gu(IM)^'^ 
Gu(IM)2^ 
Cu(VL)^ 
Cu(VL)2 
Gu(VL)(lM)"^ 
Gu(IM)^"^ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
AL 
AJj 
2IM 
2IM 
IM 
AL 
AL 
3IM 
3IK 
2IM 
IM 
AL" 
AL" 
IM 
IM 
VL" 
YL" 
2IM 
2IM 
IM 
VL" 
:Gu(IM 
.Gu(IM 
;Gu(AL 
Gu(AL 
Gu(AI. 
Gu(AL 
Gu(AL 
Gu(AL 
.Gu(AL 
Gu(AL 
Gu(AL 
Gu(AL 
Cu(AL 
Cu(VL 
Gu(VL 
Gu(lM 
Gu( IM 
±r Gu(VL 
±: Gu(VL 
±1 Cu(VL 
^ Gu(VL 
AL 
AL 
IM 
IM 
IM 
IM 
IM 
IK 
IM 
IM 
IM 
IM 
IM 
IM 
IM 
YL 
YL 
IM 
IM 
IM 
IM 
-r 
"^  + IM 
+ 
2 
2 ^ ^ ' 
+ 
2 
+ 
2 
2 + IM 
+ 
3 
t 1- AL~ 
+ 
3 
3 
+ 
3 
^ + IM 
+ 
•^  + YL~ 
+ 
^ + IM 
+ 
2 
2 + YL" 
+ 
2 
+ 
2 
7 . 6 4 6 
4 . 2 2 9 
6 . 5 6 8 
- 0 . 0 5 8 
2 . 7 8 1 
7 . 0 1 0 
4 . 2 8 0 
8 .0 53 
1 .427 
4 . 2 6 6 
1 .485 
5 .765 
3 . 5 8 4 
3 .824 
- 2 . 8 7 3 
7 . 7 0 7 
4 . 2 9 0 
6 . 6 6 2 
- 0 . 0 3 5 
2 . 8 3 8 
7 . 1 2 8 
1 d I 
Table 3.5(c) continued 
Equilibrium log K 
CudM)^"^ + VL" ^  ^Gu(VL)(ir4)^ + IM 4.398 
Cu(VL)^ + 3IM T—^Cu(VL)(lM)^ 8,379 
Gu(VL)2 + 3IM z:—="Cu(VL)(lM)^ + YL~ 1.682 
GuCvDdM)"^ + 2IM ^ --Cu(VL)(lM)^ 4.555 
Cu(VL)(lM)2 + • IM :^ z=:±: Cu(VL)(IM)^ 1.717 
Cu(IM)^"^ + VL" T:—^ Gu(VL)(lM)^ 6.115 
Gu(IM)^"^ + VL" ^ = ± Gu(YL)(IM)^ + IM 3.934 
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the t o t a l copper was present in the form of 1:1:1:0 complex. 
Beyond pH 6, the concentrat ion of 1:1:2:0 complex increases 
and reaches to 60, 55 and 50 percents in case of g lyc ine , 
alsinine and v a l i n e , r e spec t ive ly . 
Formation of 1:1:3:0 complex s t a r t s from pH 6 and at 
pH 8 i t reaches to ahout ISj^ in case of alanine and 27^ in 
case of v a l i n e . 
( iv) Ternary Complexes of Zinc(I I ) 
Ternary complexes of zinc with amino acids as primary 
l igands and imidazole as secondary l igand have been studied 
in the pH range 5 . 6 - 7 . 1 . Enough data connot he col lec ted 
because of the p r e c i p i t a t i o n beyond pH 7 . 1 . Zinc( I I ) formed 
1:1:1:1 mixed-ligand protonated species in each of the three 
t e rna ry systems. In addi t ion , 1:1:3:0 complex with glycine 
and alanine and 1:1:2:0 complex with va l ine was also detected. 
However, our s tud ies did not agree with the e a r l i e r s tud ies 
where formation of 1:1:1:0 and 1:1:4:0 complexes was reported 
for z inc-glycine- imidazole system in the pH range 6 .7-8 .8 and 
at 1:1:2 and 1:1:4 r a t i o s corresponding t o z inc , g lycine and 
imidazole, r e spec t ive ly . 
The values of A log K-j^ , logX and Alog Pni-iifo^ t e rna ry 
systems of Zn(II) could not be ca lcula ted as a l l t he detected 
species contain a proton and p values for corresponding binary 
1.93 
species were not a v a i l a b l e . The values of formation constants 
for var ious poss ib le e q u i l i b r i a involved in b inary and te rnary 
systems of Zn(II) are given in Table 3»5(d). 
Species d i s t r i b u t i o n curves fo r zinc-amino acid-imidazole 
systems as a function of pH a t 1:2:8.7 r a t i o corresponding to 
z inc , amino acid and imidazole are shown in F i g . 3 . 1 3 . About 
25/i of the t o t a l z i n c ( l l ) was found to be present in the form 
of 1:1:1:1 complex in each t e rna ry system. 1:1:3:0 comDlexes 
containing glycine and a lanine were present at 38/ concentrat ion 
while concentrat ion of 1:1:2:0 complex containing va l ine was 
about Al7o 9Jt pH 6.86. In t e rna ry systems, concentra t ion of 
z i n c ( I I ) present in the form of mixed-ligand complex did not 
exceeded 50/^  with regard to simple spec ie s . I t has been 
19 predic ted tha t usua l ly the amount of mixed species with 
z i n c ( l l ) never exceeds 50/^  with regard to simple species and 
more often i t i s nearer to 30/^  . 
(v) Ternary Complexes of Qadmium(II) 
Mixed-ligand complexes of cadmium(II) were studied in the 
pH range 6 . 0 - 9 . 5 . For'Cd(II)-CTL-IM system, 1 :1:1:0 , 1:1:2:0 
and 1:1:1: -1 while fo r Cd(II)-AL-IM and Cd(II)-VL-IM systems 
only 1:1:1:0 species have been de tec ted . Alog K, values which 
are very close t o zero i nd i ca t e no marked s t a b i l i z a t i o n for the 
1:1:1:0 te rnary complexes with Cd(II) formed by equil ibr ium ( 4 ) . 
However, pos i t ive va lues of logX show t h a t formation of 1:1:1:0 
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Table 3 . 5 ( d ) : Formation Cons tan t s f o r Var ious PossiTale E q u i l i b r i a 
Invo lved i n Z inc( l I ) -Amino Acid- Imidazole Systems. 
E q u i l i b r i u m log K 
Zn^"^ + GL~ ^ ^ Zn(GL)"*" 4.960 
Zn(GL)"^ + GL" =^; ::: ZnCGL)^ 4 .203 
ZnCGL)2 + GL" ^ : i Zn(GL)^ 2.694 
ZnCGL)"^ + OH" ^ — n 2n(GL)(0H) . 5.137 
Zn^"^ + AL" ^ " Zn(AL)"^ 4 .511 
ZnCAL)"^ + AL" ^ ^ Zn(AL)2 4.186 
ZnCAL)"*" + 20H" ^ = ± : ZnCADCOH)^ 10.630 
Zn^ "*" + VL" ^ ^ Zn(VL)"^ 4 .498 
Zn(VL)"^ + OH" : ^ = ± : 2n(VL)(0H) 5.929 
Zn^"^ + IM ^ ^ 2n(lM)^"^ 2.287 
ZnClM)^"^ + IM :^r=^Zn(IM)2 '^ 2.662 
Zn(lM)2 + 2IM :^=r:^ ZnClM)^ "*" 4.112 
ZnCGL)"*" + H(IM)'*"^=^Zn(GL)(IM)H^"^ 2.440 
Zn(GL)2 + H(IM)"^:^=^Zn(GL)(lM)H^'*' + GL" -1 .772 
Zn(lM)^"^ + H(GL) ^ = ^ Zn(lM)(GL)H^'^ 2.719 
ZnClM)!"^ + H(GL) ^ = ± Zn(IM) ( G D H ^ " ^ + IM 0.057 
ZnCGL)"^ + 3IM ^ = ± : Zn(GL)(lM)^ 7.483 
Zn(GL)2 + 3IM ^ = ^ Zn(GL)(lM)^ + GL" 3.280 
ZndM)^"^ + GL" ^ = ± r Zn(GL)(IM)^ + IM 3.382 
Table 3«5(d) oont inued 
L9:. 
Equi l ibr i t im log K 
ZnCAL)"*" 
Zn(AIi)2 
ZndM)^"^ 
Zn(lM)2"^  
ZnCAl)"^  
Zn(AL)2 
ZnClM)^ "^  
ZnCVL)"^  
Zn(lM)2"^  
Zn(IM)^+ 
Zii(VL)"^ 
Zn(IM)^"^ 
Zn(IM)2+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
HCIM)"^ 
H(IM)^ 
H(AL) 
H(A1) 
3IM 
3IM 
AL~ 
H(IM)^ 
H(VL) 
H(VL) 
2IM 
VL" 
VL~ 
Zn(AL)< 
Zn(AL)( 
Zn(IM) 
Zn(IM) 
Zn(AIi) 
Zn(AIi)( 
Zn(AL) 
Zn(VL) 
Zn(VL)( 
Zn(VL)l 
Zn(VL)< 
Zn(VL) 
Zn(VL) 
IM)H'^^ 
IM)H^'^ 
[ADH^"^ 
[AL)E^^ 
: iM)^ 
:iM)5 
:iM)5 
[II/DH^ "*" 
:iM)H^"^ 
;iM)H^"*" 
:iM)^ 
(IM)^ 
[IM)^ 
+ 
+ 
+ 
+ 
+ 
+ 
MJ" 
IM 
AL" 
IM 
IM 
2IM 
2.926 
-1.260 
2.646 
-0.016 
7.809 
3.623 
3.259 
2.996 
2.807 
0.145 
5.878 
5.427 
1.315 
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iM 
t e rna ry complex i s favoured by equil ibrium ( 8 ) . Pos i t ive 
values of A log P-in-i a lso show higher s t a b i l i t y fo r the mixed-
l igand species compared to binary ones. I t i s evident from 
Table 3.5(e) tha t t he log K values for the addi t ion of an i n i l a z o l e 
molecule to Gd(II) and t o Cd(AA)^ complexes a re near ly the same. 
For Cd(GL)(IM)2 te rnary complex, the value of A log Kp i s nearly 
equal t o zero showing no marked s t a b i l i z a t i o n over the parent 
b inary ones. Addition of two imidazole molecules t o Cd(II) and 
to Cd(GL) i s equally favoured. 
Species d i s t r i b u t i o n curves for Gd(II)-AA-IM systems are 
shown in Pig.3 .14 at 1:1:8.7 r a t i o of Cd( I I ) , amino acid and 
imidazole, r e spec t ive ly . Maximum concentra t ions of 1:1:1:0 
species were 17 .5^ , 52.5/^ and 367o with g lyc ine , a lanine and 
va l ine , r e spec t ive ly , while Gd(GL)(IM)2 species was presen t , 
at i t s maximum, at 47^ concentra t ion. In case of Cd(lI)-GL-IM 
system, formation of hydroxy species s t a r t ed at about pH 7 and 
was about 76^ at pH 9 .5 . 
y 9 V 
T a b l e 3 . 5 ( e ) : F o r m a t i o n C o n s t a n t s f o r V a r i o u s P o s s i b l e E q u i l i b r i a 
I n v o l v e d i n Cadmii im(II)-Amino A o i d - I m i d a z o l e S y s t e m s . 
E q u i l i b r i u m l o g K 
Cd^"^ + GL" ^ '^ Cd(GL)"^ 4 . 2 5 6 
CdCSL)"^ + GL~ ' "Od(GL)g 3 . 5 2 3 
Cd(GL)2 + GL~ ^ ^ Cd(GL)^ 2 . 3 3 5 
CdCGL)"*" + 20H" '"•Cd(GL)(OH)g 8 . 0 9 1 
Cd^"^ + AL" ^ ^ Cd(AL)"^ 4 . 0 4 6 
CdCAL)"^ + AL" ^ : iCd(AL)g 3 . 2 0 1 
Gd(AL)2 + AL" ^ ^ Cd(AL)^ 2 . 5 2 6 
Cd(AL)"^ + OH" ^ = ^ G d ( A L ) ( O H ) 4 . 4 4 7 
Cd(Al,)'^ + 20H" ^ = ^ C d ( A I . ) ( O H ) ~ 7 . 9 7 0 
Cd^"^ + VL" ^ ".Gd(VL)"^ 3 . 7 0 0 
CdCVL)"^ + VL" ^ ^:Gd(VL)2 2 . 9 1 6 
Gd(VL)'^ + OH" ^ •" Cd(VL)(OH) 4 . 6 1 0 
Gd^"^ + IM ^ C d ( l M ) ^ ' ^ 2 . 7 0 0 
GdClM)^"*" + IM "GdClM)^"^ 2 . 2 8 3 
Gd(GL)"^ + IM : ^ = ± Gd(GL)(lM)"^ 2 . 7 7 0 
Cd(GL)2 + IM ^ = ± Cd(GL)(lM)"^ + GL" - 0 . 7 5 3 
Gd(IM)^"*" + GL" ^ -^ Gd(lM)(GL)'^ 4 . 3 2 6 
Gd( lM) |+ + GL" ^ ^ Gd(IM)(GL)+ + IM 2 . 0 4 3 
CdCGLXEM)"^ + O H " ^ = : ^ G d ( G L ) ( l M ) ( O H ) 5 .079 
GdCGL)"^ + 2IM ^ •" Gd(GL)(IM)^ 5 . 1 1 1 
Gd(GL)2 + 2IM T ^ Gd(GL)( lM)^ + GL" 1 . 5 8 8 
m 
Table 3»5(e) con t inued 
Equ i l i b r ium log K 
CdCGDClM)"^ + IM ;F=^Cd(GL)(IM)2 2 .341 
CddM)^"^ + GL" ^=±:Gd(GL)(IM)2 4 .384 
Gd(AL)"*" + IM ;^=±: CdCADdM)"^ 2.672 
Cd(AIj)2 "^  ^^ ^ = ^ CdCADdM)"^ + AI.~ - 0 . 5 2 9 
CddM)^"*" + Ai"^=±r CdCADdM)"*" 4 .018 
CddMj^"^ + AL" ^=±1 Cd(AI)(IM)'^ + IM 1.735 
Cd(VL)"^ + IM C^^^CdCvDdM)"^ 2.650 
Cd(VL)2 + IM ;^=±Cd(VL)(lM)'^ + VL" -0 .266 
Gd(IM)2'^ + VL~^=±: Cd(IM)(7L)+ 3.650 
CddM)^"^ + VL" ^=±Cd(lM)(VL)"^ + IM 1.367 
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